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SUMMARY 

v 

Conjugation to high molecular weight (MW) polyethylene glycol (PEG) was previously shown to 

prolong the lung residence time of recombinant human deoxyribonuclease I (rhDNase) and 

improve its therapeutic efficacy following pulmonary delivery in mice. In this thesis, we investigated 

the mechanisms of the extended retention of rhDNase conjugates to linear 20 kDa, linear 30 kDa, 

and branched 40 kDa PEGs in vivo and in vitro. In vivo fluorescence imaging revealed that PEG30 

kDa-conjugated rhDNase (PEG30-rhDNase) was retained in mouse lungs for a significantly longer 

period of time than native rhDNase (12 days vs 5 days). Confocal microscopy confirmed the 

presence of PEGylated rhDNase in lung airspaces for at least 7 days. In contrast, the unconjugated 

rhDNase was cleared from the lung lumina within 24 hours and was only found in the lung 

parenchyma and alveolar macrophages thereafter. Systemic absorption in vivo in mice and in vitro 

across monolayers of Calu-3 cells cultured at air-liquid interface was shown to be significantly lower 

for PEG30-rhDNase compared with rhDNase. The absorption was accompanied by the local 

degradation of both proteins; however, it was more extensive for rhDNase. Further degradation 

of both proteins occurred after absorption likely in the blood and/or liver and was followed by 

renal excretion. PEGylation decreased the uptake of rhDNase by macrophages in vitro whatever 

the PEG size as well as in vivo 4 h following intratracheal instillation. The reverse was observed in 

vivo at 24 h. The uptake of rhDNase by macrophages was saturable and dependent on energy, time, 

and concentration which is indicative of adsorptive endocytosis. Mucociliary clearance equally 

contributed to the clearance of native and PEGylated rhDNase from the lungs, suggesting that the 

mucociliary clearance might not be the main cause for the longer retention of PEGylated rhDNase. 

Moreover, the diffusion of PEGylated rhDNase in porcine tracheal mucus and cystic fibrosis sputa 

was slower compared with that of rhDNase. Nevertheless, no significant binding of PEGylated 

rhDNase to both media was observed. Finally, PEGylation did not significantly protect rhDNase 

against aggregation and loss of activity in contact with the bronchoalveolar lavage fluid. In 

conclusion, reduction in systemic absorption and macrophage and epithelial cell uptake seemed to 

play a significant role in the extended retention of PEGylated rhDNase in the lungs. Mucociliary 

clearance, as well as aggregation in the lungs, were involved in the clearance of both forms of 

rhDNase, however, unlikely to have a very significant impact on their differential retention in the 

lungs.
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I. DELIVERY OF THERAPEUTIC PROTEINS TO THE 
LUNGS 

Therapeutic proteins represent a large share of biopharmaceuticals, along with peptides, nucleic 

acids, and cellular therapies [1, 2]. At present, dozens of peptides and proteins are approved for 

human clinical use by the US Food and Drug Administration (FDA) and many more are at different 

stages of clinical development [2, 3]. Compared to traditional small drugs, therapeutic proteins are 

endowed with higher potency and specificity, reduced toxicity, lower organ accumulation and 

limited interaction with other drugs [3-6]. They are also more versatile as they can be designed to 

target numerous diseases, be multifunctional, or used as platforms to conjugate or incorporate 

other drugs [6]. 

All therapeutic proteins, with a few exceptions, are administered by parenteral routes either by 

intravenous (IV) infusion or subcutaneously (SC). Nonetheless, increasing efforts to exploit other 

routes of administration are being deployed. Despite the enormous potential of the pulmonary 

route, its exploitation is suboptimal at best, especially for the local treatment of lung diseases, which 

appears to be an easier target [7, 8].   

 DEFINITIONS AND SCOPE  

There is no consensus on the distinction between “protein” and “peptide”. However, the common 

usage reserves the term “protein” to chains of 51 amino acid or higher with peptide being smaller 

than this [9]. The organization of secondary structures into 3-dimensional domains elements gives 

rise to tertiary structure which is reserved to proteins [9]. Human insulin (51 amino acid, 5.8 kDa) 

for instance, is generally referred to as peptide, but also as protein by some authors [9].  

According to their functions, different therapeutic protein categories could be distinguished such 

as monoclonal antibodies (mAbs), cytokines, enzymes, growth factors, antigens, hormones, fusion 

proteins, clotting factors, and others [7, 10, 11]. Most of the therapeutic proteins are recombinant 

and mAbs are the dominant category [1, 2, 11]. 

The scope of this introduction is limited to proteins larger than insulin (~5.8 kDa), although 

relevant information about insulin and smaller peptides is presented when deemed pertinent. 

Proteins of molecular weight (MW) less than 40 kDa are referred to as “small proteins” while the 

term “large protein” is reserved to proteins of MW 40 kDa or higher. This distinction is 

approximate and based on the shift in absorption and systemic bioavailability pattern occurring 

around this MW [12-14].   
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 PULMONARY DELIVERY OF PROTEINS 

Currently, recombinant human deoxyribonuclease I (rhDNase, dornase alfa) is the only protein 

delivered by inhalation on the market for symptomatic treatment of cystic fibrosis (CF). Likewise, 

insulin is the only marketed peptide for systemic action by inhalation. Due to the scarcity of 

approved proteins and peptides by inhalation, the discussion in this section will be limited to the 

most promising candidates in clinical trials.  

 Pulmonary delivery for local therapy 

Inhaled proteins are particularly attractive for the local treatment of respiratory diseases [15]. Local 

pulmonary delivery allows higher concentrations of the proteins at the target site, allows rapid onset 

of action, requires smaller doses, and therefore, causing less side effects [16]. It is non-invasive, 

therefore, more convenient and accessible for ambulatory patients [16, 17].  

rhDNase (Pulmozyme®) is a mucolytic agent, it improves the clearance of mucus secretions in 

patients with CF through cleaving the DNA leading to a reduced viscosity in the lungs [18, 19]. 

Another protein-containing mixture is the bovine pulmonary surfactant (surfactant proteins SP-B 

and SP-C, phospholipids, triglycerides, and fatty acids); it is administered by intratracheal 

instillation for the treatment of acute respiratory distress syndrome (ARDS) [16]. Other proteins 

are under investigation for the treatment of asthma, chronic obstructive pulmonary disease 

(COPD), infections, and cancer (Table 1).  

Human alpha-1-antitrypsin (ATT, 52 kDa) is the most abundant serine protease inhibitor in the 

lungs. Its primary role is to neutralise neutrophil elastase and proteinase 3 [20, 21]. Inhaled AAT 

has potential benefits in patients with AAT deficiency [22, 23]. It entered phase III clinical trial in 

December 2019 after having proven more convenient to patients with congenital AAT deficiency 

and showed a three-fold increase of AAT in the lungs by inhalation compared with IV infusion 

(NCT04204252). 

Pitrakinra, an IL-4 mutein which inhibits both IL-4 and IL-13, has shown promising results in the 

prevention of late-phase asthmatic responses to allergens both subcutaneously and by inhalation 

[24]. A phase IIb study has identified a subgroup of potential asthmatic responders by genotype 

[25]. More interest was given to targeting the IL-13 pathway considering its pivotal role in asthma. 

Pieris and AstraZeneca are developing anticalin PRS-060/AZD1402 (anti-IL4-Rα) for the 

treatment of moderate to severe asthma that does not respond to conventional therapy [17]. This 

drug is very stable to nebulisation and dry powder inhalation [26]. Recently completed first-in-
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human phase I study has shown favourable results [27]. Inhaled IFN-β was shown to prevent 

symptom exacerbations during the first week of viral infection in asthmatic subjects [16]. Inhaled 

IFN- γ was shown to improve the clinical response when combined with standard tuberculosis 

therapy [16]. It reverses the declining total lung capacity in patients with idiopathic pulmonary 

fibrosis (IPF); however, no palpable effects were reported for the treatment of CF presumably due 

to the low delivered doses to the lungs [16, 28]. Inhaled IL-2 could improve the survival and delay 

the progression of pulmonary metastases in patients with renal cell carcinoma, however, contrary 

to IV therapy, no durable complete responses were registered [16]. 

Inhaled antigens  

Vaccines are another potential application of therapeutic proteins, as many antigens are proteins in 

nature [29]. Inhaled vaccines are attractive, especially against infection originating in the airways 

such as influenza, tuberculosis, and measles [16]. A strong case for the pulmonary delivery of 

vaccines over parenteral immunisation is the ability to elicit a local mucosal response in the 

respiratory tract, preventing thus the initial pathogen-host interaction at the port of entry [30]. 

Beside the serum IgG, local secretory IgAs are not easily obtained by other routes of administration 

such as SC or intramuscular (IM) particularly for infections originating in the lungs such as 

influenza and tuberculosis [16]. The high density of antigen-presenting cells (APCs) such as alveolar 

macrophages (AM), dendritic cells (DCs), and B cells is optimal to elicit appropriate mucosal and 

systemic immune responses [31].  In the case of influenza, the standard IM vaccines induce only 

IgG response which is effective against lower respiratory tract infection, however, less effective in 

preventing the initial infection of the upper airways where antibody induction is absent [32]. 

Development of inhaled vaccines especially as dry powders is important especially for developing 

countries as these formulations are more stable during transport and storage and do not require 

sterility or special health care professionals for administration [32-34]. As an example, inhaled 

measles virus vaccine was shown to be more effective in humans compared to parenteral 

immunisation [35-37]. Inhaled influenza vaccine is efficacious in animal studies; however, no data 

are available for inhaled influenza vaccine in humans [32]. 

 Pulmonary delivery for systemic therapy  

Pulmonary delivery of proteins for remote systemic action could provide a less invasive alternative 

to other parenteral routes of administration [38]. Due to the smaller size of peptides, their 

bioavailability from the lungs is generally higher than that of proteins. The bioavailability of 

proteins by this route is limited; however, higher than after oral delivery and in some cases, nasal 

and transdermal delivery [16]. Advantages of pulmonary delivery compared to nasal delivery 
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include significantly larger surface area for absorption (100 m2 vs 170 cm2), slower mucociliary 

clearance, and lower metabolic activity of the pulmonary mucosa [39, 40]. Despite the advantages 

of the pulmonary route over the nasal route, there are more approved peptides by the latter (e.g. 

desmopressin, salmon calcitonin, and buserelin). Advantages of nasal over pulmonary delivery 

includes easier formulation and administration by the nose, more reproducible dosing, and less 

expensive devices compared with pulmonary delivery. Nasal delivery is also safer and more cost 

effective. 

Satisfactory absorption after pulmonary administration could be achieved for proteins such as 

human growth hormones (hGH, MW 22 kDa), which had a bioavailability ranging from 5% to 

45% in animals studies [16]. The availability of Fc-fusion proteins such as interferon α-Fc, 

interferon β-Fc, and follicle-stimulating hormone-Fc by inhalation was 20–50% in non-human 

primates [41, 42]. Even larger proteins such as Erythropoietin-Fc fusion protein (EPO-Fc, MW ~ 

112 kDa) was shown to be absorbed in non-human primates and humans after pulmonary delivery 

through naturally occurring neonatal Fc receptor (FcRn) [41, 43]. Currently, no mAb by inhalation 

is under development for systemic delivery; this could be explained by their slow absorption, low 

bioavailability (< 10%), instability to aerosolisation, and the lack of data on their deposition and 

immunogenicity in the respiratory tract [44, 45]. 



 

 

Table 1.Inhaled proteins in clinical trials for topical treatments. Adapted from [16].  

Drug  MW  Clinical 
application  

Clinical status (sponsor)  Form Ref /Trial * 

rhDNase AIR DNase™/ 
Alidornase alfa/ PRX-110 
rhDNase 
 

37 kDa Cystic fibrosis 
 
ARDS 
 
ARDS in COVID-
19 
 
Neutrophilic asthma 

II, 2017 (Protalix) 
 
III, ongoing (University Hospital, 
Strasbourg, France) 
III, ongoing (Fondation 
Ophtalmologique Adolphe de 
Rothschild) 
I/II ongoing (National Jewish Health) 

Nebulisation 
 
 
 
 
 
 

NCT02722122 
 
NCT03368092 
 
NCT04355364 
 
NCT03994380 

α1-Antitrypsin (AAT) 52 kDa AAT deficiency 
(Emphysema) 
 
Cystic fibrosis 
Lung transplant 
 
SARS-CoV-2 

III, ongoing (Kamada) 
II/III, 2015 (Kamada) 
 
II, 2004 (Talecris Biotherap) 
I, 2011 (CSL Behring) 
II, unknown status (Rabin MC) 
I, ongoing (Ministry of Health, KSA) 

Nebulisation 
 
 
 
 
IV/ Nebulisation 

NCT04204252 
NCT01217671 
NCT00486837 
[46] 
NCT01347190 
NCT01394835 
NCT04385836 

Tissue Plasminogen 
Activator 
Alteplase/Activase 

70 kDa Acute Plastic 
Bronchitis 

II, ongoing (Umich) Nebulisation NCT02315898 

ALX-009 Hypothiocyanite 
+ bovine lactoferrin 

lactoferrin 
80 kDa 

Cystic fibrosis/ 
Bronchiectasis 

I, ongoing (Alaxia SAS) Nebulisation NCT02598999 

IL-4 mutein (pitrakinra)   15 kDa Asthma (moderate 
to severe) 

II, 2011 (Aerovance) Dry powder NCT00801853 

rhGM-CSF 
(Sargramostim/ 
Leukine®) 
Molgramostim 

14 kDa Autoimmune 
Pulmonary Alveolar 
Proteinosis 
 
Nontuberculous 
Mycobacterial 
infections 

Phase I ongoing ( Cincinnati) 
II/III unknown (IRCCS Policlinico S. 
Matteo) 
II, ongoing (Dai Huaping) 
III, ongoing (Savara Inc) 
 
II, ongoing (Savara Inc) 

 
Nebulisation 

NCT03006146 
NCT00901511 
NCT03316651 
NCT03482752 
 
NCT03597347 
 



 

 

ARDS  
II, ongoing (University of Giessin) 

NCT02595060 

CSJ117  anti –human SLP) 
mAb fragment (Fab)  

46 kDa Asthma I, 2019 (Novartis Pharmaceuticals) Nebulisation NCT03138811 

Anti-IL4-Rα (PRS-060 
/AZD1402) 

18 kDa Asthma I, 2019 (AstraZeneca) Dry 
powder/Nebulisation 

NCT03921268 

Recombinant soluble IL-
4Rα 
(anti-IL-4Rα) 

- Asthma (mild to 
moderate persistent 
asthma) 

II, 2000 (Immunex Corp.) 
II, 2008 (NIAID) 

Nebulisation NCT00017693 
NCT00001909 

Recombinant sialidase 
(DAS181) 

46 kDa Parainfluenza 
infection/ COVID-
19 
COVID-19 
Influenza/SADRV 
(including COVID-
19) 

III, ongoing (Ansun Biopharma) 
 
II/III, ongoing (Ansun Biopharma) 
II, ongoing (Ansun Biopharma) 

Nebulisation NCT03808922 
 
NCT04354389 
NCT04298060 

IFN-β (SNG001)  22 kDa Asthma patients 
Viruses in COPD 
SARS-CoV-2 
Asthma 

II, 2012 (Synairgen Res.) 
II, ongoing (Synairgen Res.) 
II, ongoing (Synairgen Res.) 
II, 2016 AstraZeneca 

Nebulisation NCT01126177 
[47] 
NCT03570359 
NCT04385095 
NCT02491684 

IFN-γ 19 kDa Pulmonary fibrosis I, 2018 (NY Univ. School of Med) Nebulisation NCT00563212 

IL-2 (Aldesleukin) 15 kDa Metastatic cancer I/II, ongoing (M.D. Anderson Cancer 
Center) 

-  NCT01590069 

*  ClinicalTrials.gov; TSLP, thymic stromal lymphopoietin; COPD, chronic obstructive pulmonary disease; ARDS, acute respiratory distress syndrome 
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 Systemic delivery for local lung therapy 

Local respiratory diseases could be treated by parenteral administrations even though the lung 

availability of proteins by systemic route is minimal [48, 49]. Good examples of this strategy are 

mAbs for the treatment of severe asthma. A few drugs are already in the market such as 

Omalizumab (an anti-IgE), mepolizumab, reslizumab, benralizumab which target IL-5 or its 

receptor IL-5Ra, and dupilumab targeting IL-4 and IL-13 through blocking IL-4Ra [17, 44].     

 ADVANTAGES, LIMITATIONS, AND CHALLENGES OF PROTEIN DELIVERY TO THE LUNGS  

 Advantages 

The pulmonary route is suitable for both local and systemic delivery of proteins (Table 2). Like all 

drugs, proteins take advantage of the large surface area of the lungs. Proteins are absorbed more 

effectively in the alveolar region than in the central airways because of the large surface area in 

alveolar surface ~ 100 m2 vs 2-3 m2 in the conducting airways [12, 50, 51]. The alveolar epithelium 

is particularly thin (0.1 − 0.2 μm) and covered with thin surface fluids; the mucociliary clearance in 

the lung periphery is slow and the short path between epithelial cells and capillary endothelium and 

the high blood throughput favour a rapid and high absorption of drugs into the bloodstream [52-

56]. Aerosol particles with the right aerodynamic properties are highly dispersed in nature, allowing 

the coverage of a large area and making, thus, full advantage of this route of administration [53]. 

Compared to oral delivery, the bioavailability of proteins after lung delivery is much higher because 

of the more hospitable environment (near neutral pH and abundant antiproteases) and the 

avoidance of the hepatic first-pass metabolism [10, 56-59]. 

Table 2. Advantages and limitations of the pulmonary delivery of proteins*. 

 Local delivery  Systemic delivery  

A
d

va
n

ta
g

e
s 

- Direct delivery to the disease site  

- Requires less dosage compared to 

other routes 

- Rapid clinical response  

- Low risk of systemic side-effects  

- Low absorption of large 

proteins  

- Large surface area (100 m2)  

- Higher blood throughput  

- Thin alveolar epithelium (0.1 – 0.2 µm) 

- Thin surface fluids  

- Slow mucociliary clearance in the lung 

periphery  

- Higher absorption of small proteins 

compared to the GI tract and other non-

invasive routes 

Non-invasive (needle-free), 

Compared to the GI tract: 
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- Less hostile environment: near-neutral pH, less extracellular enzymes, and no 

hepatic first-pass 

- No dietary complications and less variable absorption 

L
im

it
a
ti

o
n

s 

- Fast clearance   

- Potential immunogenicity  

- Low bioavailability of large proteins 

- Potential degradation in epithelial cells 

before absorption 

- Potential local toxicity 

- Mucociliary clearance, enzymatic degradation, and uptake by macrophages #  

- Aggregation  

- Difficulty in delivering high doses 

- High costs  

- Special devices and patient education  

- Variations due to breathing patterns, anatomy, and disease status 

GI, gastrointestinal 
* Elements in bold affect more proteins, others are common to most drugs 
# Advantageous for the treatment of intracellular infections and activation of AMs [60]   

 

Pulmonary delivery, whenever feasible, could provide better treatment of lung diseases such as 

asthma, lung infections, CF, alpha-1 antitrypsin deficiency, and lung malignancies [15]. High local 

concentrations could be achieved, which allows better targeting of the disease and rapid onset of 

therapeutic effect while avoiding the potential systemic side effects of the parenteral routes [61, 

62]. This is particularly true for large proteins (MW ≥ 40 kDa) which have very limited lung 

penetration by other parenteral routes of administration, and on the other hand, are absorbed 

sparingly and slowly through the lungs (usually < 5%) allowing longer availability at the target site 

[12, 14, 49]. Other practical considerations that can improve patients’ compliance are the non-

invasiveness (needle-free, no specialised training or involvement of professional health carer) and 

the possibility to develop dry powder formulations for remote locations (more stable for storage 

and transport) [16, 62].  

 Limitations and challenges 

Proteins for inhalation face two significant obstacles to successful clinical use, pharmaceutical and 

biological.  

Most of the pharmaceutical challenges at the level of production, purification, characterisation, and 

storage of proteins are common to all routes of administration. Most proteins are unstable to 

extreme physical and chemical stresses such as high temperatures, shear stress, surface adsorption, 

freezing and thawing cycles, light, metals, organic solvents, and extreme pH [63-67]. Protein 

instability can be categorised into two general classes chemical and physical [68, 69]. Chemical 
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damage involves breaking or making covalent bonds. Deamination, oxidation, and hydrolysis are 

the most encountered chemical instabilities [70]. Physical damage, on the other hand, only affects 

the physical state of the protein without altering its chemical composition [69]. Physical damage 

can occur independently, but also as a consequence of chemical damage, and they include 

aggregation, precipitation, denaturation, and adsorption [69]. Instabilities at the pharmaceutical 

level (production to storage) are extensively reviewed elsewhere [64, 69-73].  

Delivery to the lungs requires an unavoidable aerosolisation step using either nebulisers or 

pressurised metered-dose inhalers (pMDIs) for liquid formulations or dry powder inhalers (DPIs) 

for solid formulations [16, 74]. Nebulisers are the preferred first choice and the most used method 

of delivery in the clinical development of products because of the relatively high doses that can be 

delivered and the avoidance of further drying steps (therefore more stress) used for powder inhalers 

[75, 76]. Moreover, powder formulations are mostly device-specific and need to be physically stable 

and readily dispersible and should not compromise the biochemical stability of the protein [77]. 

Liquid formulations must be serile and are easier to develop; however, they tend to have a short 

shelf-life with the risk of protein degradation during the nebulisation process. Using preservatives 

to prevent contaminations and improve the stability during storage could help, however, the 

number of approved preservatives for inhalation is limited and their use is generally discouraged 

especially in patients with asthma [77]. 

The process of converting liquid into aerosol during nebulisation introduces other stresses such as 

a sudden expansion of air-liquid interface, in-situ heating (ultrasonic nebulisers), aerosol recycling 

(jet nebulisers), and solvent evaporation which might lead to further degradation/aggregation and 

thereby a partial or total loss of activity [76, 78, 79]. For instance, lactate dehydrogenase (LDH) 

could lose up to 60% or 100% of is activity upon jet or ultrasonic nebulisation, respectively [79, 

80]. Dornase alfa remains unaltered upon jet or vibrating-mesh nebulisation, whereas ultrasonic 

nebulisation causes a 40% loss of activity [76, 81, 82]. Therefore, it is only available for nebulisation 

using jet nebulisers (initially) and recently mesh nebulisers [15, 83]. The instability of proteins to 

nebulisation could be reduced significantly using alternative nebulisation devices or strategies such 

as cooling, adding surfactants and polyethylene glycol (PEG), adjusting protein concentrations, and 

shortening nebulisation time [79, 84-86].  

The deposition of proteins in the lungs (or any other drug for that matter) depends on the 

aerodynamic properties of the carrying aerosol particles. Particles of aerodynamic diameter higher 

than 5 µm have more chances to be either filtered by impaction on the walls of the upper airways 
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failing thus to reach their target in most cases [15, 52]. Therefore, generating aerosols of the right 

particle size is crucial for the successful delivery of any inhaled drug. 

Once delivered to the site of action, most proteins are cleared from the lungs within 24 hours due 

to the combination of effective clearance mechanisms, i.e., mucociliary transport, absorption across 

lung epithelia into the systemic circulation, degradation processes, and uptake by lung cells [52, 87-

89]. These clearing mechanisms will be explored in more details in the following section. 

Other general shortcomings and challenges of pulmonary delivery are also applicable to therapeutic 

proteins and include variabilities related to patients (breathing patterns, anatomy, and disease 

status), the need for high doses to reach clinically significant local or systemic delivery and therefore 

a poor cost/benefit ratio, relatively long delivery time by nebulisation, high losses during the 

delivery step, and technological and regulatory barriers related to using specialised devices [15, 16].  
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II. MECHANISMS OF CLEARANCE OF PROTEINS FROM 
THE LUNGS 

 OVERVIEW 

The lungs possess several physiological barriers to prevent the invasion and persistence of foreign 

substances and particles. The first hurdle encountered by aerosol particles is the peculiar 

architecture of the respiratory tract, which in combination with particle aerodynamic properties, 

dictates the deposition pattern in the lungs. Particles of an aerodynamic size larger than 5 µm are 

filtered in the upper airways by inertial impaction while particles smaller than 3 µm are more likely 

to deposit in the deep lungs [90]. 

The first surface aerosol particles come into contact with is the mucus (mainly in the conducting 

airways) or lung surfactant (mostly in the alveolar region) of varying thickness and composition 

depending on the region of the lungs. Large, solid, hydrophobic, and positively charged particles 

are more likely to be trapped in the mucus then be carried along by the beating cilia to the upper 

airways to be expelled to the pharynx then swallowed or coughed. Proteins that firmly adhere to 

the mucus will suffer the same consequence. This outcome is not desirable for either local or 

systemic delivery unless the mucus itself is targeted (i.g. mucolytics). Adherence to the mucus could 

also result in longer residence time in the lungs provided aerosol particles are delivered to distal 

airways and alveolar region where the mucociliary clearance is less effective. This is also true if the 

mucociliary clearance is impaired in some diseases.  

Nano-sized particles (< 200 nm) and large proteins (≥ 40 kDa, 6 nm) can traverse cells by 

transcytosis (carrier-mediated or non-specific endocytosis) and might suffer degradation through 

the process. Their absorption rate is low, which expose them to uptake and metabolisation in AMs. 

On the other hand, smaller proteins (≤ 40 kDa,  < 6 nm) can pass between cells by paracellular 

transport directly to the interstitium then endothelial cells to the bloodstream. Small proteins and 

peptides are more prone to degradation by peptidases on the surface of epithelial cells and the 

airspaces. Large proteins are more resistant to peptidases and slowly absorbed and can dwell longer 

in the lungs, which makes them more susceptible to aggregation/degradation in the airspaces and 

uptake by AMs. 
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Figure 1. Fate of deposited drug particles and protein drugs in the lungs. Adapted from [34, 91]. MCC, 
mucociliary clearance, AM, alveolar macrophage. 

All the processes mentioned above are dynamic and occur at the same time. The fate of proteins 

is influenced by the properties of their carriers (particles or drug system) and their size, charge (pI), 

nature (presence of specific receptors), modifications, stability, etc.  

 LUNG ANATOMY   

The lungs can be divided structurally and functionally into two distinct zones, conducting zone and 

respiratory zone. In humans, the conducting zone from top to bottom consists of trachea, bronchi, 

and bronchioles. The primary function of this zone is to transport gases in and out but also to clear 

pathogens, humidify, and adjust the temperature of the inhaled air [92, 93]. The respiratory zone is 

where gases are exchanged between airspaces and blood capillaries. It consists of lung parenchyma 

represented by respiratory bronchioles, alveolar ducts, alveolar sacs, and alveoli [94]. Many 

anatomical and physiological differences exist among species, some of which are compensatory for 

different sizes and metabolic rates in these species (Table 3) [94]. 
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Table 3. Interspecies anatomical differences relevant to the pulmonary drug delivery. Adapted from [95, 
96]. 

Characteristics Human 
(70 kg) 

Rabbit 
(3.0 ± 0.5 kg) 

Rat 
(0.30 ± 0.05 kg) 

Mouse 
(25 ± 5 g) 

Turbinate complexity Simple Complex scroll Complex scroll Complex scroll 

Branching pattern Dichotomous Monopodial Monopodial Monopodial 

Respiratory bronchioles Present Present Rare Very rare 

Lung lobes 3 right, 2 left 4 right, 2 left 

[97] 

4 right, 1 left 4 right, 1 left 

Lung weight, g (% bw *) 1000 (1.43) 18 (0.6) 1.5 (0.5) 0.12 (0.4) 

Lung volume, ml (% bw 

#) 

4350 (4.3) 80 (4.4) 9 (5.7) 0.7 (6.2) 

Airway generations 23 22 - 15 

Alveolar surface area (m2) 100 5.8  0.4  0.07  

Diameter of alveoli (μm) 220 90 70 47 

Alveoli number (× 106) 950 135 43 18 

Lining fluid volume, ml 30 ± 10  1.22  0.050 ± 0.005  0. 010 ± 0.005 

* organ index =100 x (organ weight /body weight); # Lung volume (ml)/ lung weight (g) 

 

The nose is more developed and complex in rodents which are obligatory nose breathers [98], on 

the contrary, humans have a relatively simpler nose and can breathe both from nose and mouth 

[99]. Moreover, nasal turbinates in rodents have a relative surface area five times higher than in 

humans offering more protection to the rest of the respiratory tract [94]. These variations can cause 

higher large particles retention in nasal cavities in small rodents [95].    

Other major differences among species are related to the branching pattern of airways. In humans 

and non-human primates, the branching is highly symmetric bipodial (or tripodial) in contrast with 

a predominantly simple monopodial pattern in dogs, rabbits, and most laboratory rodents [100, 

101]. In humans, the trachea undergoes on average 22 bifurcations (18 to 29) [102] before reaching 

the alveolar sacs, 16 of which are conducting airways compared with mice which have less than 15 

airway generations and no respiratory bronchioles [87, 103].  
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Table 4. Respiratory parameters in mammals. Adapted from [95].  

Parameters Human 
(70 kg)  

Rabbit 
(3.0 ± 0.5 kg) 

Rat 
(0.30 ± 0.05 kg) 

Mouse 
(25 ± 5 g) 

Breathing Nose/mouth  Nose  Nose  Nose  

Respiratory rate (per min) 12-16 50 85 160 

Tidal volume (ml) 400 – 616 15.8 0.87 – 2.08 0.15 – 0.18 

Total ventilation (l/min) * 5-8 0.8 0.12 0.025 

Particle size for alveolar  

deposition (μm) 

1 – 5  - 3.5  3  

* also known as RMV for respiratory minute volume 

 

Smaller mammals have relatively larger airways lumina; therefore, a decreased ventilatory dead 

space but compensate with higher breathing frequency (Table 4) [104]. Despite the significant 

differences between species, the optimal size of aerosol particles for alveolar deposition is not 

significantly influenced [95].    

The deposition of particles is influenced primarily by their charge and aerodynamic properties (size, 

shape, density, hygroscopicity, charge, velocity) and the pathophysiology of the lungs (age, sex, 

anatomy, disease, lung functions) [105]. Deposition of aerosols (solid or liquid particles suspended 

in air) in the airways occurs by inertial impaction, gravitational settling (sedimentation), Brownian 

diffusion, interception (e.g. elongated particles), and electrostatic precipitation (positively charged 

particles) (Figure 2) [90, 93, 106, 107].  
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Figure 2. Deposition mechanisms of inhaled particles in the lungs. Adapted from [12]. Impaction (1), 
particles have enough momentum to keep their trajectory despite changes in the direction of the air stream; 
(2) Sedimentation, particles settle due to gravity forces; (3) Interception, dominantly for fibres in small 
airways without deviation from the streamlines; (4) Diffusion, random motion of very small particles.  

Figure 3 shows deposition data in healthy male subjects, however, these predictions might not very 

accurate as they are based on monodisperse environmental aerosols rather than pharmaceutical 

aerosols which are more polydisperse and have higher densities. 

Particle size of 1-5 µm and lung flow rates of 15–30 l/min are considered optimal for particles 

deposition in the respiratory tract, and it is maximal for particles of 2–4 µm diameter (40% 

deposition) [108]. The successive branching filters particles with large aerodynamic diameters (> 5 

µm) by impaction, this latter is promoted by the hygroscopic growth of particles in airspaces due 

to the relative internal humidity approaching 90% [95]. Impaction in the upper airway impedes the 

particles from reaching the main absorptive alveolar surface and lead to early mucociliary clearance 

[93].  
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Figure 3. Predicted lung deposition of particles in different regions of the lung [90]. Alv, alveolar region; 
TB, tracheobronchial region.  

 LUNG HISTOLOGY  

The conducting airways are covered by the respiratory epithelium. It has many cell types whose 

abundance and structure change significantly throughout the respiratory tract [50]. Most of the 

airway epithelium is a ciliated pseudostratified columnar epithelium [109]. The main cells in this 

region are ciliated, goblet, basal, brush (in rats), and neuroendocrine cells (Figure 4 and Table 5). 

Ciliated cells are the most abundant; they are responsible for the mucociliary escalator. They are 

covered by mucus produced by goblet cells (goblet-shaped cells laden with mucin granules) and 

submucosal glands. Goblet cells’ number decreases towards the respiratory bronchioles, where they 

eventually get replaced by club cells [109]. Basal cells are the stem cells of the airway epithelium 

(ciliated and goblet cells); they provide the attachment layer to the basement membrane. Brush cells  

are described in rats and they get their name from the short microvilli covering their apical side; 

they are dispersed in all areas of the respiratory mucosa and have no identified role [109]. Finally, 

smalls cluster of neuroendocrine cells play the role of airway sensors and are also involved in 

immune responses and tissue remodelling. They secrete catecholamine and polypeptide hormones, 

such as serotonin, calcitonin, and gastrin-releasing factors (bombesin), among others [109].  
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Figure 4. Major cell types in different regions of the lungs. Adapted from [110]. 

Serous and mucinous cells are organised in submucosal glands, and they secrete mucus and other 

substances into ducts and then on the bronchial mucosa [111]. The alveoli are the structural and 

functional unit of the lungs where gas exchange takes place. They are specialised air-sacs of roughly 

200 µm diameter. In humans, millions of alveoli are responsible for the large surface area of the 

lungs (~ 100 m2). 

Table 5. Main cells in the lungs [94, 112]  

Cells  Main role(s) 

Columnar epithelial cells (ciliated) Mucociliary clearance 

Serous cells (preferentially in the rat trachea) 

Goblet cells (mucous cells) 

Secretion (e.g. liquid, mucus) and host defence 

(antimicrobial proteins)  

Basal Cells Stem cells for epithelial tissue repair 

Brush cells (in rats, type III Pneumocytes) Unknown (chemoreceptor!) 

Neuroendocrine cells (Kulchitsky cells) airway sensors, immune responses, and tissue 

remodelling [113]  

Club cells* (non-ciliated)  Epithelial barrier maintenance, secretion, and 

metabolism. [114] 

Type I Pneumocytes  Gas exchange 

Type II Pneumocytes Secret surfactant,  

Reserve cells for the alveolar epithelium. 

Macrophages  Immune response  

*previously known as Clara cells 
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The alveolar epithelium is composed of only two cell types, type I pneumocytes and type II 

pneumocytes. The surface epithelium, the supporting tissue, and the network of capillaries 

underneath constitute the alveolar wall or septum. Type I pneumocytes are flattened squamous 

cells that cover most of the alveoli surface area (> 90 %) [50]; their very thin cytoplasm facilitates 

the air-blood gas exchange. Adjacent cells are connected by tight junctions to prevent the leakage 

of fluids into the alveolar lumen. Type II pneumocytes are smaller cuboidal cells (progenitor of 

type I cells) which mostly sit along with the alveolar openings [94]. They are more numerous than 

type I cells (~ 3 to 2); however, occupy less than 10% of the surface area of alveoli [50, 91]. They 

are endowed with a more developed cellular machinery and the presence of lamellar bodies [109]. 

Their primary role is the production and secretion of surfactant and regeneration of type I 

pneumocytes. Their functions also include xenobiotic metabolism and transepithelial movement 

of water [91]. Both types I and II pneumocytes can ingest particles up to 200 nm by endocytosis 

[115]. 

Immune cells at the level of alveoli consist almost entirely of AMs (discussed later). Dendritic cells 

are not localised in the airspaces but have projections in the airway lumen [116]. Neutrophils and 

rare mast cells could be recruited into airspaces when needed. Bronchus associated lymphoid tissue 

(BALT) in airway submucosa consists of lymphocytes T and B, organised preferentially into 

follicles, but also dendritic cells, plasma cells, and macrophages [94, 117]. Rodents kept in specific-

pathogen-free conditions exhibit less BALT-like structures than those exposed to 

pathogens/foreign antigens leading to the term inducible BALT [50, 94]. Likewise, lymphoid tissue 

is present in human healthy lungs and mice but can be induced by antigens, infection or 

inflammation [117]. 

 MUCUS AND MUCOCILIARY CLEARANCE  

 Mucus  

The mucus is the outermost gel layer lining the airways epithelium; therefore, the first barrier 

foreign invaders encounter in the respiratory tract [118]. It is an extracellular viscoelastic gel which 

varies in thickness and composition throughout the respiratory tract. Its thickness ranges from 2 

μm to 55 μm in healthy lungs to more than 250 μm in some diseases such as CF and COPD [38, 

52, 119]. It is thin to absent in the alveolar region and distal airways and thicker in the upper airways 

due to the transport and accumulation from the lower airways and the local production of mucins 

in the upper airways [120]. Normal mucus is composed of 97% of water and 1-3% of mucin, 

proteins, salts, cellular debris, lipids, and other substances [120, 121]. Mucin is a highly glycosylated 
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large protein (MW up to 103 kDa) containing from 50 to 90% carbohydrates with terminal sugars 

containing mostly sulfate or carboxyl groups conferring the mucin its highly anionic nature [120, 

122]. Mucins are secreted by goblet cells and mucous and serous cells of the submucosal gland 

[123].  

Mucins in the airways can be divided into three categories, secreted mucins that polymerise to form 

gels (MUC5AC, MUC5B, and MUC2), secreted mucins that do not polymerise  (MUC7), and cell 

surface-tethered mucins (monomeric) bathed in the periciliary liquid (PCL) layer (MUC1, MUC4, 

MUC16, MUC20) (Figure 4) [124-126]. Mucins of the first category form large oligomeric 

structures responsible for most of the viscoelastic properties of the mucus [123]. 

 

Figure 5. Mucus layer from airway epithelia. PCL, periciliary liquid [127] 

Mucus plays a central role in maintaining healthy lungs. The cell-attached mucins preserve the 

periciliary layer and coordinated ciliary motility [124] while the secreted mucus prevents 

dehydration of the PCL layer by donating water [128].  Mucus acts as a trap for endogenous and 

exogenous substances and particles such as inflammatory cells, pathogens, pollutants, and particles 

facilitating, thus, their elimination by mucociliary or cough clearance [92, 124]. Other roles in innate 

immunity beyond the mucociliary clearance are also suggested, including direct interactions with 

dendritic cells and goblet cells [124]. 

 Mucociliary clearance  

Mucus is transported by the beating cilia and the expiratory airflow from the distal airways to the 

large airways where it encounters additional mucus produced locally [120]. Mucus is then swept 

upwards and propelled to the larynx then enters the pharynx, meets the mucus descending the 

nasal cavities, then is swallowed. Around 30 ml of the airway mucus is swallowed daily [120]. In 

humans, mucus turnover occurs within 24 h [129, 130], 2 to 3 times longer than in rodents [96]. 

The mucus velocity is relatively fast in the trachea (4 –5 mm/min) and much slower in distal airways 
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(≤ 1 mm/min) suggesting the existence of two phases, a fast phase corresponding to the 

mucociliary clearance of the tracheobronchial tree and a slower phase in the small airways and 

alveoli where clearance could be dominated by non-ciliated mechanisms (Table 6) [129]. The slower 

mucociliary clearance in the smaller airways is in correlation with the lower number of ciliated cells, 

shorter cilia, and lower number of secretory cells [129]. 

Table 6. Clearance rates of human mucus in airways. From [131] 

Mucus  Clearance rate (mm/min) Reference  

Nasal 5-11 [132] 

 5  [133] [134] 

Tracheal  4.1 ±1.9 [135] 

 4.7 (3.5 - 6) [135] [136] 

 15.5 (4.5 - 30)* [137] [138] 

Bronchial  2.4±0.5 [139] 

Small airways 1 [140] 

* Measured using a bronchoscopic or roentgenographic method, known to give higher measured 
rates 

 

The mucus acts as a multiple barrier to the diffusion and penetration of drugs from the lumen to 

the epithelium where drugs are absorbed into the systemic circulation [141]. The barrier properties 

are mechanical (dynamic and steric) and chemical. The dynamic barrier is represented by the 

continuous secretion of the mucus (replaced every 20 min [125]) and the peristalsis from both a 

vertical and horizontal flow against the penetration of drugs. The steric barrier consists of the 

network organisation of mucus fibres acting as a filter for large particles and creating a tortuous 

pathway for their diffusion [141]. The steric barrier is enhanced by the relatively high viscosity of 

the mucus [141]. The chemical barrier is represented primarily by the low-affinity interactions of 

proteins and particles with the naked protein core of mucin, mucin carbohydrates, lipids, and other 

constituents via hydrogen bonding and ionic interactions (carboxyl or sulfate groups) [52, 141]. 

Proteases secreted into the airspaces and present in the mucus are another type of chemical barrier 

to the delivery of proteins and peptides to the lungs [142].  

Drugs and particles have to traverse the mucus layer rapidly enough to be able to exert their 

intended pharmacological action [143]. Drugs strongly bound to the mucus are mostly eliminated 

by the mucociliary escalator before being absorbed or reaching their local targets. Therefore, strong 

binding to the mucus is undesirable for both local and systemic delivery. Nonetheless, retention or 
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adherence to the mucus could be beneficial for drugs targeting the mucus such as mucolytics. The 

hydrophilicity and viscosity of the mucus do not favour the diffusion of the hydrophobic drugs 

which bind non-specifically to mucus glycoproteins and end up eliminated rapidly [144].  

Many studies are available on the interaction of proteins and peptides in cervical, gastric, intestinal 

and respiratory mucus. The overall mucin concentration and viscoelastic properties of different 

types of mucus are similar [145]. The mucus mesh size of mucus ranges from 20 nm in the PCL to 

several micrometres for the mucus gel (Table 7) [127, 146].  

Table 7. Mesh size of mucus  

Mucus  Size (nm) Reference  

human cervical mucus 500-800 [147] 

 20-100 [148]    

 100 [149] 

 340 ±70 (50-1800) [150] 

Native respiratory mucus (horse) 100 to micrometres  [146] 

CF sputum 140 ± 50 (60–300) [151] 

Periciliary liquid * 20-40 [127] 

* From primary human bronchial epithelial (HBE) cell cultures 

 

Prolonging the residence time of particles in the respiratory airways could be achieved by designing 

particles that can cross the rapidly-cleared superficial luminal mucus layer (min to hours) and reach 

the adherent mucus in the PCL underneath which is cleared more slowly (hours to days) [52, 131]. 

This mechanism was suggested to explain the more rapid clearance of insoluble particles of 

radiolabelled sulfur colloid (220 nm) compared with human serum albumin after intrabronchial 

deposition in dogs [152].  Studies on the diffusion of viruses in the mucus showed that viruses of 

large size such as herpes simplex virus (HSV, 180 nm) were almost completely immobilised in 

cervicovaginal mucus whereas smaller mobile viruses (< 100 nm) diffused 100 to 1000 times slower 

than the expected rates in water [148]. Similar results were reproduced by Lai et al. however virus 

immobilisation was attributed to its mucoadhesiveness rather than to its size as the measured pore 

size was 340 nm on average, and the diffusion of non-mucoadhesive 200-nm nanoparticles was 

unhindered [150]. Particles that could penetrate the mucus were expected to have smaller sizes (100 

nm or less) [131]. Nevertheless, densely coated polystyrene particles (200 and 500 nm in diameter) 

with short 2 kDa PEGs were, unexpectedly, shown to diffuse in the mucus rather rapidly, hundreds 

of times faster than uncoated hydrophobic nanoparticles [145].  
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Contrary to this, particles coated with PEGs of 10 kDa lost their mucus penetrating properties 

acquired when coated with smaller PEGs of 5 kDa, which was explained by the change in 

behaviour for the larger PEGs from mucoinert to mucoadhesive due to the entanglement and 

hydrogen bonding with mucin fibres [52].  

Conjugation to PEGs of 40 kDa conferred mucoadhesive properties to anti-17A F(ab′) 2 and anti-

IL-13 Fab’ [153]. Patil et al. showed that PEGylated Fab’ binds to human airway mucus more than 

non-PEGylated Fab’ [154]. The diffusion of proteins in cervical mucus was found largely 

unhindered compared to saline [148, 149]. Olmsted et al. found that antibodies diffuse more slowly 

in mucus through low-affinity bonds between Fc moieties and mucin fibres [148]. Impeding the 

electrostatic interactions with the negatively charged mucin fibres was achieved for the cationic 

Poly-L-ornithine (PLO, 45 kDa) upon conjugation to 8-9 units of 10 kDa PEG which enhanced 

its transnasal absorption [155].  

 ABSORPTION THROUGH LUNG EPITHELIAL CELLS  

 Mechanisms of transport across epithelial cells 

Absorption occurs virtually throughout all lung epithelia; however, it is more effective in the 

alveolar region; hence, macromolecules delivered to the deep lungs are more absorbed than those 

deposited in central airways [52, 53]. This is due to the thin epithelium and surface fluids, large 

surface area and higher blood throughput and the shorter path between epithelial and capillary 

endothelium [52, 56]. Crossing the respiratory epithelia is the most limiting factor to the absorption 

of proteins as the interstitium and the capillary endothelium are easier to cross [50]. In some areas, 

the interstitium is absent altogether, and the basement membranes of the capillary endothelium are 

in direct contact with the epithelium of alveoli for optimal exchange of gases [111].  

The absorption of proteins and macromolecules in the lungs is primarily dependent on their MW 

and nature [12, 51, 153]. Many authors have reported the existence of an inverse relationship 

between the MW of macromolecules and the rate of absorption from the lungs into the blood 

(Table 8) [14, 50, 52, 156, 157]. Proteins of MW ≥ 40 kDa (≥ 5-6 nm in diameter) are slowly 

absorbed from the airspaces to the blood (hours to days) and have low bioavailability (≤ 5%). In 

comparison, smaller proteins and peptides of MW ≤ 40 kDa (≤ 5 nm in diameter) are more rapidly 

absorbed (min to hours) and have high bioavailability after inhalation or instillation into the airways. 
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Table 8. Pharmacokinetic parameters for some therapeutic proteins and peptides. Adapted from [50, 55] 

Molecule  MW (kDa) Diameter 

(nm) 

Animal  Tmax, h  F%  

Glucagon 3.5 - rat   <1  

Insulin  5.8  2.2 rat  0.33  14  

IFN-α 19 3-4  rat  4.5  37.5 (19–56)  

hGH  22 - rat  6.0  19.5 (3–36)  

GCSF  18,6 - rat  2.5  12 

rhDNase a 37 4.8 b rat 

monkey  

- 

- 

15 

< 2 

Albumin  68 7-7.2 rat  20  4.5  

IgG  150 11 rat 16 1.65 

F%, Bioavailability; a [158]; b, measured in our lab, G-CSF, Granulocyte Colony Stimulating 

Factor 

 

Based on these observations, pores in airway epithelium presumably corresponding to cell 

junctions were suggested. The estimated pore size for the alveolar epithelium and lung epithelial 

cell monolayers is ~ 6 nm [159-161]. Proteins in a solution can cross the lungs to the blood 

epithelial cells by two main mechanisms: through the cells (transcellular) or between the cells 

(paracellular) (Figure 6). 

Koussoroplis et al. found a significant difference in lung residence time between PEGylated Fab’ 

and dextran of similar MW, highlighting the importance of macromolecule nature in their fate in 

the lungs [153]. Bur et al. studied the transport of a series of homologous proteins in human alveolar 

epithelial cells in vitro and found no apparent size-dependent transport, consistent with paracellular 

diffusion [162]. They justified their unexpected results by the use of homogenous proteins, unlike 

other studies where proteins from other species were used in in vivo and in vitro experiments. 

Transcellular transport can occur through receptor-mediated transport or receptor-independent 

pinocytosis (fluid phase or adsorptive endocytosis). Paracellular transport is thought to take place 

through junctional complexes between two or three cells and less frequently through temporary 

holes created by dead or injured cells before these are replaced or repaired [50].  
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Figure 6. Mechanisms of absorption of macromolecules and nanoparticles across lung epithelial cells. 
Adapted from [50, 91, 163]. Solid aerosol particles should be dissolved and release their content in contact 
with lung fluids. Large proteins (≥ 40 kDa) might be absorbed by transcytosis (nonspecific or receptor-
mediated) then enter the blood via transcytosis in endothelial cells, leaky capillaries or drainage into the 
lymph. Small proteins (≤ 40 kDa) might follow the same pathways but can also enter the blood faster via 
tight junctions (paracellular transport). Nanoparticles could release their content or be internalised as such 
by endocytosis. 

Proteins normally occurring in the lung lining fluids such as albumin (68 kDa), transferrin (80 kDa), 

and immunoglobulins (IgG, 150 kDa) are thought to have receptors on the surface of epithelial 

cells. The absorption rates of these proteins are higher than expected based on their MW [50]. 

Their transport  has also been shown to be directional as it occurs at higher rates from the apical 

to the basolateral side than the reverse [162]. 

Albumin is endocytosed through the clathrin-mediated pathway into both types I and II alveolar 

epithelial cells; however, more efficiently (> 70%) into the latter [164]. Megalin/cubilin and gp60 

(60 kDa albumin-binding glycoprotein) are also possible candidates for the receptor-mediated 

transport of albumin [164]. Antibodies are transported via the neonatal Fc receptor (FcRn); this 

receptor is more abundant in the upper and central airways of the lungs [43]. For this reason, FcRn-

dependent absorption of EPO-Fc fusion protein (MW ~ 112 kDa) was higher when deposited in 

those regions with a bioavailability up to 35% in monkeys [43].  Proteins or macromolecules of 

large size with no specific receptors can cross the respiratory epithelia via non-specific pinocytosis 

(fluid-phase or adsorptive endocytosis). Horseradish peroxidase (HRP, 40 kDa) and dextrans of 
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MW ≥ 40 kDa are two examples of macromolecules transported by fluid-phase endocytosis 

through epithelial cells [159, 165]. Fluid-phase endocytosis is a slow process, non-saturable at high 

concentrations, and non-inhibited by an excess of competing substrates [166-168]. Adsorptive 

endocytosis, on the other hand, occurs at higher rates than fluid-phase endocytosis and requires 

the non-specific adsorption of the proteins on the cell membrane or the glycocalyx mainly by 

electrostatic interactions but also hydrophobic interactions before the formation of the endocytic 

vesicles. This process is saturable at very high concentrations [169-171].  

Smaller proteins such as growth hormone (22 kDa), dextran of MW < 40 kDa are transported via 

paracellular diffusion [159, 162]. Most small proteins such as cytokines (18-22 kDa) and peptides 

such as insulin (5.8 kDa) are absorbed rapidly in humans and animals likely by paracellular transport 

[50, 56]. Receptor-mediated (caveoli) transcytosis has been reported for insulin [53, 169, 172].  

 LUNG MACROPHAGES 

 ORIGIN AND TYPES  

Macrophages in the lungs and associated tissues are called pulmonary or lung macrophages. 

Depending on their anatomical locations at least three different subpopulations are distinguished 

(1) alveolar macrophages (AMs) present on the epithelial surfaces of alveoli, (2) airway 

macrophages in the epithelial lining of the conducting airways (3), and interstitial macrophages in 

the interstitium (Figure 7) [173-176]. The first two are recoverable by bronchoalveolar lavage (BAL) 

and usually referred to as AMs [175, 177, 178]. Other subpopulations are also reported although 

less studied, such as pleural and intravascular macrophages [179]. We limit the discussion to AMs 

because of their direct involvement in the clearance of inhaled proteins and particles. 

AMs represent the majority of cells in the BAL (> 95%)  [180] and only 3-5% of all lung cells [179]. 

They are 3-4 times more abundant than interstitial macrophages [181, 182] and have a relatively 

long turnover rate of 40% yearly making them long-lived cells [183]. An extensive BAL could 

recover up to a third of AMs [173]. Resident macrophages firmly adhering to the alveolar 

epithelium and not recoverable by BAL are also called SAMs for sessile (immobile) AMs [184]. 

AMs are distinct form interstitial or those in blood vessels suggesting further specialisation of 

macrophage populations in the lungs [177]. AMs can travel freely upwards along the airways to the 

pharynx or downward into the terminal airways or the interstitium [175]. Every day, around one 

hundred million macrophages migrate to the bronchi [111]. 
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Figure 7. Main types of pulmonary macrophages.  

 
The long-held hypothesis was that AMs originate from blood monocytes and bone marrow 

precursors that have matured to AMs in the interstitial compartment [179]; however, recent studies 

have shown that circulating monocytes contribute to the pool of AM-depleted animals or humans 

but not significantly to the normal lungs [179]. Shortly after birth, pulmonary macrophages 

differentiate from hematopoietic precursors that have populated the lungs during embryogenesis 

[179]. In normal conditions, lung macrophages are quiescent; however, they can proliferate locally 

following injury or infection [179]. 

Different mammals do not appear to present similar AM morphometry. The size and number of 

macrophages are significantly larger in humans than in rats (Table 9). An increase in the diameter 

of AMs from rodents to humans could translate into several folds more voluminous macrophages 

which could have a direct implication on the number and size of particles phagocytised [185]. 

Table 9. Alveolar macrophages in different mammalian species. From [95]. 

 

 

 

Characteristics Human 
 

Dog 
 

Rabbit 
 

Rat 
 

Mouse 
 

Size  (diameter μm) 21 (15–22) 
[185, 186] 

- - 13.1 [185] 7-15 a (15.9) 
[187] 

Alveoli number (× 106) 950 1040 135 43 18 

AM (x  106 ) 5990  3940 142 29.1 2.9  

AM per alveolus b 6.3 (12 c) 3.8 1.05 0.68 0.16 (> 0.33 d) 

a measured in our lab; b Calculated by diving the number of AMs by the number of alveoli; c 

[50]; d [184, 188, 189] 
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AMs are the first line of cellular defence in the lungs. They are professional antigen-presenting cells 

(although poor) and fulfil multiple tasks in the regulation of host defence, inflammation, and 

homeostasis through secreting numerous mediators [179, 190, 191]. AMs actively contribute to 

clearing inhaled microorganisms, particles, toxins, drugs, and cell debris [94]. Their role has a 

greater importance in humans, where the mechanical clearance from the alveolar region is slow 

[179]. Despite their active role in lung immunity, AMs do not unnecessarily respond to antigens 

that do not disrupt lung structure [177]. As any other macrophages in the body, activated 

macrophages can be described as M1 or M2 depending on whether they have pro-inflammatory or 

anti-inflammatory phenotypes [192]. Macrophages with both M1 and M2 markers could be found 

in some diseases [192]. M1 macrophages secrete pro-inflammatory cytokines (such as TNF-α, and 

IL-12) and reactive nitrogen and oxygen intermediates (RNI, ROI) [60, 192]. They mediate 

antitumor immunity and resistance toward intracellular pathogens (bacteria, protozoa and viruses) 

and cause disruption of the body’s normal tissue [60, 193]. M2 macrophages, on the other hand, 

are more involved in wound healing, tissue repair and remodelling, and pathogen clearance [60].   

 Mechanisms of uptake by macrophages 

Macrophages are professional phagocytic cells [194, 195]. They have the ability to internalise 

particulate and non-particulate materials by endocytosis. Endocytosis can be grossly divided into 

phagocytosis (cell eating) and pinocytosis (cell drinking). Phagocytosis is the active process of 

engulfing particles [196]. Particles are first opsonised then bind to specific membrane receptors 

(Fc, complement, or receptors such as mannose/fructose-based receptor) triggering the 

reorganisation of the cytoskeleton and the formation of a phagosome [60]. Macrophages contain 

abundant lysosomes loaded with up to 50 acidic enzymes (hydrolases) active at pH ~5 [197]. 

Phagosomes mature and fuse with lysosomes forming phagolysosomes leading to the degradation 

of their content in the acidic enzyme-rich environment [198]. Pinocytosis refers to the uptake of 

fluids within small vesicles. Pinocytosis could be divided into macropinocytosis (0.2 -10 μm) and 

pinocytosis (< 0.2 μm) [60]. Macropinocytosis is dependent on actin and occurs by forming 

protrusions at the cell membrane. Most pinocytotic pathways are receptor-mediated and are 

involved in capturing specific substances. Depending on the receptors, we can distinguish clathrin-

mediated, caveolin-mediated, and clathrin- and caveolin-independent endocytosis [196]. 

Endocytosis occurring without binding to the plasma membrane is referred to as fluid-phase 

pinocytosis while uptake through non-specific adsorption to the plasma membrane is called 

adsorptive pinocytosis (see absorption by epithelial cells).  
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 Macrophages in drug delivery  

Macromolecules and particles are subjected to AM clearance which could pose a major obstacle 

for either transport into the bloodstream or dwelling in the lung lumina [199]. Moderate to large-

size proteins were shown to be more prone to clearance by AMs purportedly because of their lower 

absorption rates (hours) compared with small proteins and peptides which are absorbed rapidly 

(minutes) leaving little time to macrophages to eliminate them effectively [199]. Depleting AMs in 

rats was shown to increase the systemic absorption of IgG (150 kDa) and human chorionic 

gonadotropin (hCG, 39.5 kDa) several-fold but not that of insulin (5.8 kDa) and human growth 

hormone (22 kDa) after intratracheal instillation in rats [199]. While avoiding AM uptake is 

desirable in most therapeutic applications, the opposite is sought in the treatment of intracellular 

infections affecting macrophage (e.g., tuberculosis, pneumonia, and aspergillosis) or indirectly in 

the treatment of cancer and lung inflammation [60, 200].  

Micron-sized or nano-sized carriers are more captured by AMs compared to free drugs [60]. The 

phagocytic activity is dependent on many factors such as particle size, shape, charge, 

hydrophobicity, softness, and surface ligands [60, 201]. Some of these are also key to the 

aerodynamic properties of particles and, therefore, their deposition in the lungs, as seen above [90]. 

Particles of sizes of 0.2-10 μm are the most accessible to AMs [60]. Chono et al. assessed the uptake 

by AMs of liposomes ranging from 0.1 to 2 μm in diameter; optimal phagocytosis was observed 

for particle sizes of 1-2 µm [202]. Particles such as nano-sized drug carriers (< 200 nm) are less 

efficiently phagocytised but could be internalised by pinocytosis [60, 186, 203, 204]. Positively 

charged particles are more captured by AMs than neutral or negatively charged ones [205, 206]. 

Several strategies have been suggested to reduce the AM clearance including (i) using inhibitors of 

endocytosis, (ii) using ligands competitors for macrophage membranes, (iii) incorporating drugs 

within large porous particles to protect them from endocytosis and/or phagocytic degradation, (iv) 

designing particles with high aspect ratios, and (v) coating particles with PEG [199, 207, 208]. 

Besides particles, proteins and other macromolecules have been shown to be captured by AMs 

following pulmonary delivery in different species [209]. Up to 10% of the administered doses of 

PEGs of 5-10 kDa were found in AMs compared to only 3% of the smaller 2-3.4 kDa PEGs and 

even less for  PEG < 1 kDa [210]. Although AM depletion could increase the bioavailability of 

hCG 3-fold in rats [199], direct quantifications of proteins and their PEGylated forms in AMs 

following pulmonary delivery yielded amounts ranging from 0.04% to 3% of the delivered dose for 

rhDNase, Fab', and IFNα [83, 211, 212]. These values could be higher considering that standard 

procedures of BAL recover only a portion of AMs [173, 188]. 



CHAPTER I – INTRODUCTION 

33 

Macrophage clearance of proteins could be enhanced by aggregation, which might be induced by 

contact with lung surfactant or defence molecules secreted by macrophages and other cells [93]. 

Macrophages were shown to be targeted by protein through binding to the mannose receptor, as 

has been demonstrated for recombinant glucocerebrosidase in the treatment of Gaucher’s disease 

[213].  

 DEGRADATION IN LUNG MICROENVIRONMENT  

As a portal of entry into the body, the lungs are involved in drug metabolism, albeit to a lesser 

extent in comparison to the liver and the gastrointestinal tract (GI tract) [55, 91]. The bioavailability 

of proteins by oral delivery is almost null due to the acidic conditions in the stomach, the extensive 

proteolytic activity and the first-pass metabolism by the oral route [9, 44, 214]. 

In the lungs, therapeutic proteins are also subjected to considerable threats and can be readily 

degraded by membrane-associated and intracellular proteases and peptidases (epithelial cells, 

endothelial cells, and macrophages) [10, 59, 215, 216].  

Proteases in the human lungs can be classified according to their mechanism of catalysis and 

structure into serine, cysteinyl, aspartyl and metalloproteases [217, 218]. They can function either 

intracellularly or extracellularly [217]. The level of proteases is higher in macrophages than in 

epithelial cells [217]. Some are constituent of the apical side of the airways and alveolar epithelial 

cells such as endopeptidase, aminopeptidases, and various cathepsins [89, 91, 219, 220]. Cathepsin 

D, B, H, and L (lysosomal enzymes) are present in both AMs and alveolar epithelial cells [91]. 

Recenlty, Woods et al. have identified cathepsin D (> 90%), cathepsin H, ACE (angiotensin 

converting enzyme) and DPPIV (dipeptidyl peptidase IV) as the most abundant proteases in the 

BAL of healthy volunteers [221]. In addition to their role as proteases, they play various roles in 

tissue remodelling, mucin expression, regulating innate immunity and microbial killing [218]. 

Small proteins and peptides are more metabolised by peptidases; however, their rapid absorption 

could limit their degradation in some cases [55]. The bioavailability of some natural peptides such 

as glucagon, somatostatin, VIP (vasoactive intestinal peptide), and gastrin is minimal because of 

their hydrolysis by the peptidases on the apical surface of the airway and alveolar epithelium [55, 

89, 222]. The bioavailability of these peptides can be significantly improved by blocking their N or 

C terminal ends [55]. For instance, the high availability of used calcitonin (salmon or human) is 

attributed to its resistance to peptidases because of the presence of a cyclic ring on one end of the 

molecule [55]. Likewise, the high bioavailability of leuprolide (1.2 kDa) is attributed to having both 

C- and N-terminals blocked [77]. Using protease inhibitors in the formulations could improve the 
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bioavailability of insulin and salmon calcitonin; however, protease inhibitors are toxic for the lung 

tissue [223, 224]. PEGylation has been shown to protect glucagon-like peptide-1, fibronectin, and 

calcitonin against the proteolytic breakdown in lung homogenate likely through steric hindrance 

[87, 225-228]. Such an effect was not observed for anti-IL13 Fab′ (~ 45 kDa) upon PEGylation 

with 40 kDa PEG presumably due to the inherent resistance of naked Fab’ to lung proteases [153]. 

The lining fluids of healthy lungs have low protease activity due to the secretion of abundant 

antiproteases eventually minimising the clearance of most proteins by this mechanism [10, 89]. 

Commonly found antiproteases in the lungs are serpins (inhibitors of serine proteases), TIMPs 

(inhibitors of metalloproteinases), cystatins (inhibitors of cysteine proteases), elafin, and SLPI 

(secretory leukoprotease inhibitor) [218, 229]. The enzymatic breakdown of large proteins occurs 

mostly inside lysosomes after being taken up by macrophages and epithelial cells [55]. They are 

partially spared form the action of peptidases because their poor fit in the catalytic clefts of the 

peptidase due to their large size or sometimes buried terminal ends [55]. However, since their 

absorption is slower than peptides, they are more likely to be affected by degradation and 

aggregation in contact with surfactant then captured by macrophages [55]. The balance 

protease/antiprotease could be shifted by the release of proteases into the lung fluids during 

infection and inflammation by immune cells. Protein contact with surface fluids (mucus, PCL, and 

surfactant) might cause aggregation/precipitation, which causes a loss of activity and accelerate the 

uptake and enzymatic degradation by macrophages [55].   
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III. PEGYLATED PROTEINS 

PEGylation is the covalent attachment of PEG chains to proteins or other molecules [87, 230]. 

The term PEGylation has also been used loosely to describe noncovalent attachments [231, 232]. 

It was first described by Davis and Abouchowski in their seminal work on bovine serum albumin 

and catalase [233, 234]. The primary goal was to decrease the immunogenicity of non-human 

proteins intended for human therapy before recombinant proteins were widely available [235]. 

PEGylation had shown for the first time that such an extensive modification was not as detrimental 

as thought and could preserve at least some activity of the proteins [230]. Several years later (1990), 

this strategy culminated in the approval of the first PEGylated protein, pegademase (Adagen®), a 

bovine adenosine deaminase. Since then, a variety of chemical and enzymatic methods of 

PEGylation have been developed, and more than a dozen other products are currently marketed 

(Table 10) [236]. 

 PROTEIN PEGYLATION 

The traditional or “first-generation” PEGylation reactions were random as they lacked site-

specificity [237]. They typically relied on amine conjugation through acylation or alkylation; other 

chemistries were also common [230, 231, 238]. The major drawbacks of this reaction are the 

massive loss in the activity due to interference with the active site and the generation of a mixture 

of highly heterogeneous (usually multi-PEGylated) products. This required extensive purification 

steps and caused difficulties in the characterisation of the final products, which was problematic 

from a regulatory standpoint [236]. For instance, the chromatography separation of Pegintron® 

(pegylated recombinant interferon α 2b) revealed up to 15 isomers and only retained 8% to 37% 

of the original activity of the non-conjugated protein [239]. Nevertheless, first-generation 

PEGylation is not entirely ineffective as most of the PEGylated drugs on the market are not 

produced by site-specific conjugation [231, 236]. The site-specific conjugation known as the 

“second generation PEGylation” has ensued in the hope to offer better-defined products but 

mostly to preserve more activity of the native protein [231]. It was greatly facilitated by the 

introduction of more specific functions of PEG molecules, allowing targeting specific moieties on 

the proteins [240, 241]. Site-specific conjugation is either chemical or enzymatic. N-terminal 

PEGylation, thiol and bridging PEGylation, and histidine tags are the most common examples of 

chemical methods while transglutaminase-mediated and GlycoPEGylation are examples of 

enzymatic PEGylation [156, 242]. 



CHAPTER I - INTRODUCTION 

36  

Reversible conjugation of PEG to proteins through cleavable linkages has also been achieved; it 

presumably offers a controlled release and less inhibition of the protein [243]. Reversible 

PEGylation by noncovalent binding (chelation, hydrophobic, and electrostatic interactions) of 

modified PEG to proteins has also been demonstrated [232, 244]. The goal is to avoid the loss of 

protein activity while increasing the half-life classically achieved by covalent PEGylation [156]. This 

strategy was shown effective in suppressing or retarding the aggregation of hen egg-white lysozyme 

after mixing with PEGs featuring certain hydrophobic head groups such as cholesteryl, dansyl, 

phenylbutylamino, and tryptophan [245]. Nitrilotriacetic acid-modified PEG and polyelectrolyte 

functionalised PEGs have been used for ionic interactions and chelation, respectively [246, 247]. 

Mero et al. assessed the pharmacokinetics properties of PEG conjugates to G-CSF by chelation in 

rats; however, no significant improvement has been reported [247].   

 IMPACT OF PEGYLATION ON THERAPEUTIC PROTEINS 

Although initially introduced to decrease the immunogenicity of proteins, PEGylation is 

unequivocally praised for its ability to increase the half-life of protein in the blood circulation after 

IV or SC injection [231, 235]. It is also the most established half-life extension strategy in clinical 

use [248]. Other benefits include (i) improving the solubility and stability of proteins, (ii) reducing 

recognition and degradation by proteolytic enzymes, and (iii) shielding receptor-mediated uptake 

by the reticuloendothelial system [230, 241, 249-252]. The increased blood circulation time is 

achieved through the expanded hydrodynamic volume of protein due to the highly solvated PEG 

in aqueous solution beyond the cut-off of glomerular filtration (for PEG ≥ 20 kDa) [253]. This 

effect depends on the biophysical size, whereas conferring protection against proteolysis and 

“stealth” properties can also be involved [231, 254]. Ameliorating the pharmacokinetic properties 

implies reducing the dosage and frequency of administration, thereby improving the comfort of 

patients [156, 231]. 

These advantages come at the expense of a frequent loss of biological potency of the proteins, 

which seldom remains unaltered upon PEGylation [87]. The loss of activity is due to the 

interference with the active site of the enzymes or the protein/receptor recognition process [237]. 

Retaining the full enzymatic activity seems to be the exception as it is the case for rhDNase [83, 

255, 256].  

The effectiveness of PEGylation in prolonging the residence time of several proteins in the lungs 

after pulmonary delivery has also been demonstrated [87]. The residence times were reportedly 

extended to at least 48 hours for linear 20 kDa (PEG20) a1-proteinase inhibitor [257], branched 2-
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arm 40 kDa PEG (PEG40) F(ab’)2 and PEG40 Fab’ antibody fragments compared with less than 

24 hours for their non-PEGylated counterparts [96, 153, 154]. Following pulmonary delivery in 

rats, PEGylation was also reported to decrease the bioavailability of proteins such as recombinant 

human granulocyte-colony stimulating factor (rhGCSF, 18 kDa) and IFNα2b (19 kDa) [80, 212]. 

Readers interested in the impact of PEGylation on the pulmonary delivery of biopharmaceuticals 

are directed to the review by Guichard et al. [87]. 

The long half-life of PEG in the body raises concerns of accumulation in macrophages in several 

tissues and epithelial cells in the kidneys, choroid plexus, pituitary gland, and choroid of the eye 

[258]. These toxicities were considered only adverse for PEG doses higher than 120 mg/kg/week 

[258]. Other drawbacks include (i) the heterogeneity of PEG and PEGylated products (ii) 

difficulties in purification and characterisation of the final products, (iii) low PEGylation yield, and 

(iv) production of antibodies against PEG and PEGylated proteins [259, 260]. Many of these 

drawbacks can be offset by the net gain in efficacy (lower dosage and frequency and better 

therapeutic coverage), resulting in an overall added value to patients via reduced cost, increased 

comfort, and better compliance [240].



 

 

Table 10. FDA approved PEGylated proteins. Adapted from [261-263] 

Protein name Trade name 
(s) 

PEG MW 
in kDa 
(units) 

Indication Company Route Year  Protein 
origin 

T ½ 
(h) 

Ref 

Adenosine 
deaminase  

Adagen 5 (11-17) SCID Enzon IM 1990 Bovine 
intestine 

48-72  

L-asparaginase  Oncaspar 5 (69–82) ALL Enzon IM, 
IV 

1994 E. coli  357  
± 243 

[264] 

interferon α2b  PegIntron, 
Sylatron 

12 Hepatitis C Schering-
Plough 

SC 2000 HR (E. coli) 48–72 [239] 

interferon α2a  Pegasys 40 Hepatitis C Roche SC 2002 HR (E. coli) 65  
Granulocyte Colony 
Stimulating Factor 
(G-CSF) 
 

pegfilgrastim, 
Neulasta, 
Pelmeg 

20 Neutropenia Amgen SC 2002 HR (E. coli) 42  

Fulphila 
(biosimilar) 

20 Neutropenia Mylan  2018    

Growth hormone 
receptor antagonist 

Pegvisomant, 
Somavert 

5 (4-6) Acromegaly Pfizer SC 2002 HR (E. coli) 6 days  

Continuous 
erythropoiesis 
receptor activator  

Mircera 30 Anemia associated 
with chronic kidney 
diseases 

Roche SC, IV 2007 HR(CHO) 142  

Anti-TNFα Fab Cimzia 40 Crohn’s disease 
Rhumatoïd arthritis 

UCB 
Pharma 

SC 2007    

Mammalian urate 
oxidase (Uricase) 

Krystexxa* 10 (10-11) Gout Savient IV 2010   10–
12 d 

 

Erythropoietin 
(EPO) mimetic 
peptide 

Omontys  Anaemia  Affymax IV, SC 2012  60  

Interferon β-1a Plegridy  Relapsing multiple 
sclerosis 

Biogen Idec SC 2014    

Factor VIII Adynovate 20 (2) Haemophilia A Baxalta IV 2016 HR (CHO)   
Factor IX Rebinyn 40 Haemophilia B Novo Nordisk SC 2017    



 

 

Phenylalanine 
ammonia lyase 

Palynziq 9 PAL replacement 
therapy 

BioMarin 
Pharmaceutical 

SC 2018 Bacterial 
enzyme 

  

Adenosine 
deaminase 

Revcovi 5.6 (13) SCID Leadiant 
Biosciences 

IM 2018 recombinant 
bovine (E. 
Coli) 

  

L-asparaginase Asparlas 5 (31-39) ALL Servier IV 2018 E. coli 
enzyme 

  

B domain-deleted 
FVIII 

Jivi 60 (30 x 2) Hemophilia A Bayer IV 2018    

Factor VIII  Esperoct  Haemophilia A Novo Nordisk IV 2019  14  
* Withdrawn from EMA in 2016; SCID, severe combined immunodeficiency disease; PAL, phenylalanine; HR, human recombinant; ALL, acute 
lymphoblastic leukaemia 
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 PHARMACOKINETICS OF PEGS AND PEGYLATED PROTEINS 

The pharmacokinetics (PK) is the study of the fate of compounds in the living organism by 

describing their absorption, distribution, metabolism, and excretion [265]. PK study is important 

to understand and predict drugs’ efficacy and safety [266]. The PK of PEGylated proteins (as any 

other drug) is usually well studied before obtaining the approval of the health authorities [267]. In 

most cases, the in vivo disposition of PEGylated proteins is heavily influenced by the size of the 

PEG and protein itself through potential receptor-mediated interactions specific to each protein 

[268]. Higher MW PEGs show overall slower metabolism and renal clearance, therefore, have a 

greater potential of increasing blood half-life, but also tissue accumulation and potential adverse 

effects [258, 268]. 

 Absorption 

All PEGylated proteins on the market are given by IV or SC injections, little is known about other 

routes of administration except the few preclinical studies after pulmonary delivery. The general 

assumption of the lower absorption of higher MW proteins seems to hold for PEGylated proteins, 

i.e. the higher the MW of the PEG (therefore the PEGylated protein), the less the absorption [268]. 

After SC administration, PEGylated proteins are usually absorbed at a slower rate than their non-

PEGylated counterparts [268]. Due to the limited permeability of large macromolecules across the 

vascular endothelia into the blood capillaries, the absorption of large proteins form the interstitial 

fluid through the lymphatic capillaries becomes more important [269]. Interestingly, the SC 

absorption of PEGylated proteins occurs at similar rate and extent as proteins of similar MWs [10]. 

The oral absorption of PEGs in humans decreases with increasing MW and is almost absent at 3.4 

kDa [268, 270]. 
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 Absorption by the pulmonary route 

After pulmonary delivery in rats, the serum concentration of PEG-FITC of 2 and 5 kDa were 

negligible [210]. The authors did not exclude absorption and suggested instead a potential 

absorption of PEGs followed by rapid clearance by the kidneys [210]. The PEGylation was found 

to (i) delay the time to maximal plasma concentration (Tmax), (ii) generally multiply the area under 

the curve (AUC), and (iii) prolong the plasma half-life of the PEGylated proteins (Table 11) [87]. 

These observations were correlated with the size of PEG. The increased AUC was, however, due 

to the prolonged half-life rather than enhanced absorption or bioavailability [87]. 

Table 11. PK parameters of PEGylated proteins and peptides administered by the pulmonary route. 

Compound MW 

(kDa) 

PEG 

(kDa) 

AUC 

ratio*  

Species Route Tmax 

(min) 

T1/2  

(min) 

F 

(%) 

reference 

glucagon-

like peptide-

1 

 

 

3.3 

 

native 1 rat 

 

it 

 

9 - - [228] 

 

2 3   23 - - 

5 8   42 - - 

10 11   82 - - 

Salmon 

calcitonin 

 

3.4 

 

native 1 rat it 15 35 - [225] 

 2 4   22 101 - 

5 7   25 119 - 

insulin 5.8 native 1   15-24   [254, 

256] 0.75 > 1.2 rat it 78-

210 

↑  

2 5 dog inhalation    

5 - rat it   Poor  

rhGCSF 

 

 

19.6 

 

 

native 1 rat it 160  - 16 [80] 

 6  - 270 - 4.5 

12  - 375 - 1.2 

IFNα2b 

 

 

19 

 

 

native 1 rat it - - 15 [212] 

12 - - - 5.5 

40 8 - - <0.4 

* Relative to nonPEGylated protein; it, intratracheal instillation  
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 Distribution 

The distribution of PEGylated proteins is not entirely elucidated; however, the available literature 

indicates that their fate is largely governed by the PEG properties and the protein [268]. Large 

PEGs and PEGylated proteins are generally observed in highly perfused organs (i.e. lungs, liver, 

kidney, heart, and spleen) and the target organs which vary depending on the conjugated protein 

[268, 271]. PEGs larger than 20 kDa are retained more in the blood circulation but also distribute 

to peripheral organs and tissues, however much less compared with smaller PEGs [267, 271, 272]. 

The non-specific distribution is mostly attributed to the PEG moiety; however, uptake and 

accumulation of PEGylated proteins in specific tissues and organs arise from the presence of 

binding sites or receptors for the specific proteins. For example, the specific ependymal cell 

vacuolation observed with PEGylated hGH is attributed to the specific uptake of growth hormone 

by the ependymal cells [268].  

After decoupling of the PEG moiety, its tissue distribution is overall similar to that of the 

unconjugated PEG [268]. Wang et al. have shown that 40 kDa branched 14C-PEGylated adnectin 

that targets both EGFR (epidermal growth factor receptor) and IGF-1R (insulin-like growth factor 

1 receptor) was observed in highly perfused organs such as liver, lung, heart, and kidneys. Liver 

accumulation (thought to be specific because of the high expression level of EGFR in the liver) 

was also observed when adnectin was replaced with another protein that does not bind to the liver 

[273]. Authors suggested that accumulation in the liver might be simply due to phagocytosis by 

liver cells.  

 Metabolism 

Phase 1 metabolism was shown to be minimal for low MW PEG (≤ 6 kDa). It involves alcohol 

dehydrogenase and perhaps P450 and sulphur transferases [274]. Ethylene glycol formation was 

suggested based on similar toxicities of PEGs to ethylene glycol and the presence of minor amounts 

of oxalic acid (the primary end product of ethylene glycol metabolism) in the urine after oral and 

IV injection [274, 275]. Nonetheless, no evidence of ethylene glycol formation has been 

demonstrated in vivo [274]. Chemical and biological chain cleavage was, however, proposed it 

involves CYP450-dependent oxidation and alcohol/aldehyde dehydrogenase [267]. 
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Figure 8. Proposed cellular uptake and processing pathways of PEGylated proteins. Adapted from [268]. 
PEGylated proteins can be internalised by pinocytosis or receptor-mediated endocytosis (1) then 
transported to lysosomes (2). PEGylated proteins are likely metabolised in the acidic environment of 
lysosomes, and their metabolites can be expelled from the cell (3). PEGylated protein can also be released 
from the cell without undergoing any metabolism (4). Expelled products can undergo processes 1-4 again 
in the same or remote tissue. 

The degradation of protein could occur before and after the detachment of the PEG moiety [276, 

277]. Branched PEGs could also be cleaved from the linker. PEG is thought to be internalised by 

cells by fluid-phase pinocytosis as there are no known receptors for PEG on the cell surface (Figure 

8) [268]. Moreover, mammalian cells lack enzymes capable of degrading PEGs (etherases), which 

might be the reason for their accumulation in lysosomes [278]. The degradation of PEG is very 

slow, and it is not known whether the PEG is expelled from the cell by exocytosis or released as a 

result of cell turnover [268]. 

 Excretion 

PEGs are predominately excreted unchanged in the urine [279]. Generally speaking, the clearance 

of PEGylated moiety markedly decreases when the MW of the attached PEG is 30 kDa or higher 

[268]. Liver clearance of PEG increases significantly above 50 kDa [267]. However, PEGs of larger 

size (40 kDa), initially thought not to be filtered by renal glomeruli, were shown to be excreted 

unchanged in the urines of mice, rats, and humans [277, 280, 281]. Even PEG of 60 kDa (branched 

2 x 30 kDa) was found nearly unchanged in the urine of rats 7 days after IV injection [271]. The 

elimination of 40 kDa branched PEG was very slow after the administration of insulin or 

erythropoiesis-stimulating agent conjugates (peginesatide), and PEG was detected in rats up to 28 
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and 60 days, respectively [276, 282]. Unlike proteins which are generally in a condensed state, PEG 

is a flexible polymer which can be extruded through small pores through changing its shape 

(reptation) [268]. Bauman et al. proposed the existence of two general pathways of PEG 

elimination, one rapid pathway consisting of the clearance by the kidneys and a slower pathway 

resulting from the slow cell release of ingested PEG by exocytosis or cell turnover [268]. Biliary 

excretion via hepatocyte and/or Kupffer cell uptake is also possible in the liver [283].  

The life span of the cell in different tissues could be the rate-limiting factor. For instance, 

vacuolation tends to be observed in cells with longer life span such as macrophages and ependymal 

cells of the choroid plexus. However, in the case of macrophages, this is more expected due to 

their active role in clearance overall [268]. Bauman et al. argued that vacuolation is unlikely seen in 

neutrophils for pegfilgrastim, which is internalised into neutrophils by a receptor-mediated process 

because neutrophils do not survive more than one day [268]. The accumulated PEG in cells and 

tissues return to the lymphatics and blood to be ultimately eliminated primarily by renal filtration 

[268].
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IV. PEGYLATED RHDNASE 

 HUMAN DEOXYRIBONUCLEASE I 

Deoxyribonuclease I (DNase I) belongs to the family of endonucleases which catalyse the 

hydrolysis of extracellular DNA by cleaving the phosphodiester bonds of double-stranded DNA 

[284]. Endogenous DNase I is secreted by the pancreas and parotid glands suggesting a primary 

role in digesting nucleic acids in the GI tract [285]. It is also present in blood and urine as well as 

other tissues, suggesting additional roles [284, 286]. Human DNase I is a monomeric glycoprotein 

of 260-amino acid chain and predicted MW of 29.3 kDa but an electrophoretic size of ca. 37 kDa 

on polyacrylamide gel due to the N-linked glycosylation [285]. The protein also has four cysteine 

residues giving rise to two disulfide bonds and has a calculated pI of 4.58, making it an acidic 

protein. 

Recombinant human DNase I (rhDNase) was approved by the FDA in 1993 for the treatment of 

CF lung disease [2]. It is produced in Chinese hamster ovary cells with DNA encoding for the 

native human protein [4] and is commercialised under the name of Pulmozyme® (dornase alfa) 

(Genentech, Inc. South San Francisco, CA, USA). Tigerase® (Generium Pharmaceuticals) is a new 

biosimilar of dornase alfa approved in Russia in 2019. 

 Cystic fibrosis 

CF, first described in 1938, is the most prevalent multi-organ genetic disorder, caused by an 

autosomal recessive mutation in the gene coding for CF transmembrane conductance regulator 

(CFTR)[287]. CF occurs in every 2500 births, more common in the Caucasian ethnicity, although 

virtually found in all ethnic groups [288].  

CFTR is present on the apical membrane of epithelial cells in several body systems, particularly in 

exocrine glands [288]. It functions as a chloride channel, but also regulates the activity of other ion 

channels such as the epithelial sodium channel (ENaC) and bicarbonate transport. Since its 

discovery in 1989, more than 2000 different variants of the CFTR gene have been identified, many 

of which have unclear clinical implications or are not associated with the development of CF [288]. 

Different classes (I to VI) of CFTR gene mutations affecting the structure or the function of the 

protein have been described; the most common is p.Phe508del. Mutations in classes I to III tend 

to cause more severe disease than those in classes IV to VI [289]. 
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Defective or absent CFTR protein on the apical membrane of lung epithelial cells impairs the 

transport of ions and lead to uncontrolled activity of ENaC and therefore surface liquid 

dehydration. Dehydrated surface liquid affects the cilia beating function and the self-cleaning 

mechanism of the lungs, leading to recurrent cycles of airways obstruction, infection and 

inflammation [30]. Others hypotheses have been proposed to explain other classical features of CF 

such as susceptibility to chronic airway infections, impaired innate immunity and abnormally raised 

inflammation thought to be involved in airway remodelling from a young age [290].  

Most of the morbidity and mortality of patients with CF is due to chronic airway infections leading 

overtime to irreversible respiratory failure. As predicted median life expectancy for CF has  gone 

up (47.4 for newborns in 2018) [291], multisystem complications, such as diabetes, osteoporosis, 

liver disease, loss of fertility (in males), and depression are becoming more important [290].  

The treatment of CF is ideally provided by a multidisciplinary team (pulmonologist, 

physiotherapist, dietician, clinical psychologist, endocrinologist, gastroenterologist, social worker, 

specialist nurse, pharmacist etc.). For lung disease, chest physiotherapy remains one of the 

treatment pillars. Treating and preventing infections by oral and/or inhaled antibiotics is crucial as 

well as eradication of P. aeruginosa at the first positive culture. For patients chronically colonised 

with P. aeruginosa, chronic suppressive antimicrobial therapy is recommended (inhaled 

tobramycin, colistin, aztreonam lysine, and levofloxacin) [290]. Reducing the frequency of episodes 

of pulmonary exacerbations is important, as exacerbations are responsible for irreversible loss in 

lung function in 25% of patients. Inhaled antibiotics, chronic azithromycin and mucolytic therapies 

(i.e. rhDNase, hypertonic saline, and mannitol) have been shown to reduce the frequency of 

exacerbations [290]. 

 Clinical use of rhDNase 

Inhaled rhDNase reduces the viscoelasticity of sputum by cleaving the DNA released by 

neutrophils infiltrating infected airways in an attempt to combat infecting bacteria [19]. 

RhDNase is prescribed to patients with CF, in association with standard therapies for CF lung 

disease [292-294]. Several clinical trials have demonstrated the efficacy and safety of rhDNase 

therapy for CF in patients with mild to moderate lung disease (defined as a forced vital capacity 

(FVC) ≥ 40% of the predicted value) [295]. rhDNase was also shown to be safe and to improve 

lung function (expiratory volume in 1 second (FEV1) and FVC) and decreases the exacerbation 

rate in adults and children with CF [295]. A 12-week study has demonstrated that patients with 

advanced CF lung disease (FEV1 < 40% predicted) have also benefited from inhaled rhDNase 

[296]. 
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RhDNase is approved for all ages in the US and for CF patients aged 5 years and older in Europe 

regardless of the severity of lung disease (although no registration studies have been performed in 

children younger than 6 years)[295]. Data in young children are still lacking; however, clinical 

indicators (e.g. pathology, pharmacokinetics, and pilot efficacy studies) suggest that rhDNase will 

be beneficial in CF patients under 5 year old [292, 295].  

Younger patients are likely to benefit the most from long-term treatment with rhDNase and would 

maintain lung function at optimal levels, have lower infection risks, and a delayed progression of 

irreversible lung disease [295, 297, 298]. 

The recommended daily dose of rhDNase is 2.5 mg. Some patients might benefit from double the 

daily dosage and even alternative day dosing has been suggested [299]. rhDNase is administered by 

inhalation using jet and vibrating membrane nebulisers. This latter is considered more effective and 

faster (eFlow®, PARI Pharma, Munich, Germany) [255].  

 Limitations 

rhDNase suffers from several limitations including i) inhibition by Globular actin (G-actin) [300], 

ii) variation in the clinical response where around 30% of patients do not respond to rhDNase 

[301], and iii) short half-life in lungs, which requires administering the protein once to twice daily 

[285] which may lead to lower adherence of patients (mean adherence 59%) [302].  

A few strategies were proposed to overcome these limitations. i) Enhancing the activity of rhDNase 

by increasing its binding affinity for DNA [303]; this was achieved by introducing positively 

charged residues (such as arginine and lysine) on rhDNase. ii) Producing actin-resistant variants of 

rhDNase by introducing charged, aliphatic or aromatic residues at the actin-binding interface of 

rhDNase [304]. Alidornase alfa (PRX-110), is an actin-resistant version of rhDNase which has 

successfully completed phase II clinical trials sponsored by Protalix (Karmiel, Israel) [305]. 

Combination of these two strategies (hyperactivity and actin-resistance) was also achieved; 

however, the level of hyperactivity was inversely proportional to DNA concentration and length. 

Therefore, the beneficial effect of hyperactive variants over non-modified rhDNase might be 

limited [305]. iii) Development of longer-acting versions of rhDNase by attaching PEG of 20 to 

40 kDa [83, 255, 256].  
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 PEGYLATED RHDNASE 

 Production and purification 

PEGylation of rhDNase was successfully achieved with clinically available linear 20 kDa, linear 30 

kDa and two-arm 40 kDa PEG (PEG20, PEG30, and PEG40 respectively) through site-specific 

conjugation to the N-terminal [255]. Figure 9 shows the coupling of aldehydes group of methoxy 

PEG propionaldehyde to the primary amines of rhDNase through a Schiff base, which is reduced 

to give a stable secondary amine linkage [306]. 

 

Figure 9. Scheme of the formation of a stable amino linkage between mPEG and rhDNase. Adapted from 
[306]. 

This reaction takes several hours to several days depending on the temperature, concentrations, 

and molar ratio of [PEG]:[rhDNase] [83, 255].  

As most PEGylated proteins, PEGylated rhDNase was purified by ion-exchange chromatography 

(AEC) and size exclusion chromatography (SEC) [307]. PEGs do not have charge, therefore, are 

rapidly eluted by ion-exchange chromatography. At pH 7-8, rhDNase (pI 4.58 [285]) is negatively 

charged and binds to the positively charged groups of AEC column. The large size of PEG (20 to 

40 kDa) significantly weakens the interaction of the protein with the column and allows the 

distinction of different PEGylated products [308]. PEG might also interact with some groups by 

hydrogen bonds of some amino acids thus changing their pKa, and perhaps shifting the pI of the 

protein [308]. SEC, on the other hand, allows a better separation of proteins based on their 

molecular size. However, the PEGs used have large hydrodynamic sizes usually close to that of the 

PEGylated rhDNase itself, leading to overlap in the elution peaks of PEG and PEGylated 

rhDNase. A common practice is to perform a first fast step of AEC with the sole purpose of 

getting rid of the PEG, followed by SEC to achieve the best separation between PEGylated and 

native rhDNase.  
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 Activity of PEGylated rhDNase  

PEGylation was shown to preserve the secondary structure and the activity of rhDNase. Mono 

PEGylated rhDNase products retain their full biological activity as the PEG is attached on an 

opposite segment from the catalytic site of the protein [256]. This activity was shown in vitro on a 

solution of DNA and CF sputum [255, 256]. Of note, most PEGylated proteins on the market are 

less active than their non-PEGylated forms. For instance, only 7% and 28% of IFNα2a (Pegasys®) 

and adenosine deaminase (Adagen®) activity were retained after PEGylation, respectively [255]. 

Moreover, PEGylated rhDNase was stable (no denaturation or aggregation) to jet nebulisation 

currently used for the delivery of rhDNase. 

 Pharmacokinetics in the lungs  

The residence time of rhDNase in the lungs was extended from one day for the native rhDNase 

to over 20 days for the conjugated protein to PEGs of 30 and 40 kDa (PEG30-rhDNase and 

PEG40-rhDNase, respectively) after pulmonary delivery in mice. The length of presence time in 

the lungs correlated with the PEG size: the larger the PEG, the longer the presence in the lungs. 

Native and PEGylated rhDNase, measured by ELISA, were mainly found in the BAL and lung 

homogenate at early time points (< 4 h), then only in lung homogenates from day 3 onwards. 

The sustained presence of active PEGylated rhDNase was verified by measuring the enzymatic 

activity of lung homogenates up to 20 days. PEG40-rhDNase remained as active at 15 days as at 

time zero; however, PEG20-rhDNase and PEG30-rhDNase progressively lost some of their 

activity over time. 

 Therapeutic efficacy in mice 

The therapeutic efficacy of PEGylated rhDNase was compared with that of rhDNase in β-ENaC 

mice (overexpressing β-epithelial Na+ channel), a murine model for CF [309]. β-ENaC mice suffer 

from chronic airway inflammation and mucus obstruction due to altered water and Na+ transport 

across airway epithelia similar to that observed in human CF patients. These mice have higher 

DNA content and inflammatory cytokines than wild type mice. A single-dose of PEG30-rhDNase 

or PEG40-rhDNase was as potent as 1 daily dose of rhDNase over 5 days in decreasing the 

concentrations of DNA in the respiratory secretions of β-ENaC mice (but not the wild type mice) 

compared to the control group which received only phosphate-buffered saline (Figure 10 A-C). 

No impact on cellular inflammation markers and cytokines in BAL was observed though. Similar 

results were obtained after 4 weekly doses of PEG30-rhDNase and PEG40-rhDNase (Figure 10 
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D-F). Moreover, both compounds exhibited a trend towards quelling inflammation by decreasing 

neutrophil counts in mice airways.  

 

Figure 10. Short and long-term therapeutic efficacy study in β-ENaC mice (adapted form [83]). A-C, Short-
term therapeutic efficacy study. One 10 µg unit dose of rhDNase, PEG30-rhDNase, or PEG40-rhDNase 
was intratracheally instilled in the lungs of β-ENaC mice and wild-type (WT) littermates. Timeline A), DNA 
content in BAL in WT (B) and β-ENaC mice (C) at day 5. D-F, Long-term therapeutic efficacy study. One 
10 µg unit dose of PEG30-rhDNase or PEG40-rhDNase was intratracheally instilled in the lungs of β-
ENaC mice and wild-type (WT) littermates. Timeline D), DNA content in BAL in WT (E) and β-ENaC 
mice (F) at week 5. The PEG was not counted in the mass of PEGylated rhDNase compounds delivered. 
Control mice were intratracheally instilled with phosphate buffer saline (PBS). Data are expressed as mean 
values (± SEM) of 4 to 7 mice per experimental group and were compared to the respective PBS group 
(one-way ANOVA, Dunnett’s Multiple Comparison Test).  
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 Safety  

Acute and repeated dose toxicity studies in healthy Swiss mice have demonstrated the innocuity of 

PEG30-rhDNase (the only PEG-rhDNase studied) to the lungs after pulmonary delivery. In the 

single-dose acute toxicity study, 100 μg of either rhDNase or equivalent in PEG30-rhDNase (4 

mg/kg, estimated to be over 100 times the Phase III clinical high-dose) was delivered to mice via 

intratracheal instillation then mice were sacrificed on day 1 and day 14 (recovery group) after 

exposure. Both native and PEGylated rhDNase were well tolerated, and mice did not exhibit signs 

of respiratory distress, pulmonary inflammation, or clinical discomfort one and 14 days post-

delivery. No significant differences were observed compared to the control group (given vehicle 

solution only) in terms of body weight, organ weight, or blood count [83]. 

The sub-chronic toxicity of PEGylated rhDNase was investigated over a period of four weeks by 

delivering a weekly dose of 100 μg of PEG30-rhDNase (rhDNase-equivalent) via intratracheal 

instillation. The evaluations were conducted one day and 4 weeks (recovery group) after the last 

dose. Only reversible higher total protein content was significant in the BAL of mice treated with 

PEG30-rhDNase as compared to the control. No histological evidence of significant inflammation 

or tissue damage in response to native or PEGylated rhDNase were found [83]. 

Finally, a chronic toxicity study over 12 weeks was performed only for PEG30-rhDNase (one dose 

per week) under two regimens, low dosage (10 µg) and high dosage (35 μg). Only an increase in 

basophil counts was observed for both treatment regimens compared to the control group; 

however, this increase was reversible after the recovery period. All other parameters were overall 

satisfactory [83]. 

 Accumulation of PEGylated rhDNase in mice  

The concentrations of PEG30-rhDNase in lungs and sera of mice were measured to assess the 

potential lung accumulation and systemic absorption of PEG30 and rhDNase after single and 

repeated dose toxicity studies. As expected, higher amounts of PEG30-rhDNase were found in 

lung homogenates compared to BAL or alveolar macrophages [83].. The concentrations of 

rhDNase moieties measured 24 h after the last dose of PEG30-rhDNase in lung homogenates 

returned to the baseline levels 4 weeks after the end of exposure in the chronic exposure group 

[83]. The levels of PEG30-moiety displayed the same tendency; however, its total clearance was 

delayed compared to the rhDNase moiety. Low levels of rhDNase and PEG30 moieties were 

detected in AMs however for a longer period of time for the latter. Furthermore, rhDNase was 

detected in the sera of only rhDNase-treated group 24 h after single and repeated dose toxicity 

studies but not in PEG30-rhDNase-treated group.  Only low concentrations of PEG30-moiety 

could be detected in the sera of PEG30-rhDNase group 24 h after single or repeated dose studies, 

but not after the recovery period. In conclusion, no significant accumulation of PEG in the lungs 

was found after repeated administrations over three months in mice [83]. 
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V. CONCLUSIONS 

Pulmonary delivery of therapeutic proteins is still a daunting challenge for the pharmaceutical 

industry. Despite the continuous attempts to make use of this seductive port of entry, research and 

development efforts have culminated in only one inhaled protein for the local treatment of CF, the 

mucolytic dornase alfa [310]. Proteins, by virtue of their large size, relative instability, and 

hydrophilic nature, have a mediocre lung penetration compared to small-molecule drugs following 

systemic delivery [49]. The systemic bioavailability of large proteins by inhalation is limited but still 

better than the oral route. Local delivery, on the other hand, present an attractive opportunity for 

the treatment of respiratory diseases such as asthma, COPD, alpha-1 antitrypsin deficiency, CF, 

and lung cancers [15]. It allows achieving higher concentrations of the protein to the target, rapid 

onset of the clinical response, and requires smaller doses compared to other parenteral routes; 

therefore, reducing systemic side effects [56, 93]. 

Delivery by inhalation requires preserving the structure and function of the proteins during the 

formulation and the aerosolisation steps. Because the lungs are exposed to continuous external 

assaults, they evolved to have highly efficient defence mechanisms against foreign invaders 

including particles and solutes. Inhaled therapeutic proteins can be eliminated by mucociliary 

clearance, absorbed through the respiratory epithelium, taken up and metabolised by lung cells (e.g. 

epithelial cells and AMs), and degraded in airspaces [12, 52, 89]. Because of these clearance 

mechanisms, delivered proteins to the lungs are cleared from airspaces within 24 h. This relatively 

short half-lives require frequent dosing regimen and might be a significant limitation for attaining 

the desired therapeutic efficacy. 

Among the available protein conjugation strategies, PEGylation is the most promising one with 

tangible benefits in extending the half-life of proteins in the body following parenteral injections 

as well as in the lungs after pulmonary delivery. Previous works have established the extended 

retention of PEGylated proteins in the lungs after pulmonary administration in small animals [83, 

96, 153, 154, 257]. The larger the PEG, the longer the retention [83]. Moreover, PEGylation is 

likely to increase the stability of the proteins and PEGs are compatible with inhalation devices. 

PEGylated proteins are generally stable in the same conditions as their native forms, promising 

thus a swift shift towards using them by inhalation without extra formulation efforts. 

Several mechanisms by which PEG increases protein retention in the lungs have been proposed, 

including reduced systemic absorption, mucoadhesion, decreased uptake by respiratory cells, and 

protection against degradation in the lungs [87]. Nonetheless, most of these mechanisms remain 

largely unknown and therefore require further investigation.  
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VI. AIM 

The conjugation of recombinant human deoxyribonuclease I (rhDNase) to large MW PEGs 30 

and 40 kDa has been shown to prolong its local residence time in the lungs from less than 24 h to 

over 15 days [83].The increase in residence time was accompanied by retained activity against DNA 

in lung homogenates of the mice. A single dose of PEG30-rhDNase or PEG40-rhDNase over 5 

days exhibited an equivalent DNA hydrolysis activity as five single doses of rhDNase (one dose 

per day for 5 days) in lungs of β-transepithelial Na+ channel–overexpressing mice (β-ENaC) [83]. 

Moreover, PEGylated rhDNase was shown to be stable to jet nebulisation, to not accumulate in 

the lungs after repeated administration, and to cause no lungs toxicity in acute and chronic toxicity 

studies. 

These promising results raised questions on the mechanisms underlying the lung retention of 

PEGylated rhDNase. Therefore, the present thesis aims to elucidate the mechanisms 

involved in the lung retention of PEGylated rhDNase.  

Objective 1: Investigate the fate of native and PEGylated rhDNase in the lungs following 

pulmonary delivery in mice. 

Pharmacokinetics data in mice showed that PEGylated rhDNase was present in lungs for over 15 

days; however, from day 3 onwards, PEGylated rhDNase was recovered only in lung homogenates 

and not in bronchoalveolar lavages (BALs) suggesting that PEGylated rhDNase either had 

penetrated the lung parenchyma or was firmly attached to respiratory epithelia. Moreover, since 

rhDNase cleaves extracellular DNA in the respiratory secretions of patients with CF, it is 

paramount to distinguish between the proportions of the enzyme in the lung parenchyma therefore 

unavailable from those in airspaces which are available to exert the intended mucolytic action. For 

this, confocal microscopy was carried out to give more information on the fate of native and 

PEGylated rhDNase within the lungs over time and distinguish between airway lumen and tissue 

parenchyma fractions. 

Objective 2: Study the biodistribution of rhDNase and PEG30-rhDNase after pulmonary 

delivery in mice.  

The elimination of PEGylated proteins from the lungs by systemic absorption would mean a risk 

of systemic toxicity while mucociliary clearance into the GI tract, then faeces is usually synonymous 

with a desirable safety profile. Organ distribution and elimination pathways were investigated by 
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following rhDNase and PEG30-rhDNase by near-infrared fluorescence (NIRF) imaging after 

intratracheal instillation and IV injection in mice. 

Objective 3: Study the epithelial transport of native and PEGylated rhDNase across Calu-

3 cells.  

Absorption across lung epithelia is a significant pathway of clearance of low MW proteins and 

peptides, but less important for proteins of high MW (≥ 40 kDa). Furthermore, PEGylation was 

shown to decrease the bioavailability of proteins after pulmonary delivery in rats, and in vitro in 

cultures of lung epithelial Calu-3 cells [80, 154, 212]. Therefore, PEGylation of rhDNase was 

expected to diminish the lung absorption of rhDNase. To confirm this hypothesis, we quantified 

the transepithelial transport and intracellular uptake of native and PEGylated rhDNase in cultures 

of human broncho-epithelial cell line Calu-3 cultured at an air-liquid interface.  

Objective 4: Assess the uptake of rhDNase and PEGylated rhDNase by macrophages  

Alveolar macrophages contribute to the clearance of proteins in airways lumina [199, 209]. Here, 

we hypothesised that PEGylation decreases the macrophage uptake of rhDNase, thereby 

contributing to its extended retention in airways. Uptake of native and rhDNase conjugated to 

PEG20, PEG30, and PEG40 was assessed in vivo in mice as well as in vitro in two murine 

macrophage-like cell lines, interstitial J774 macrophages and alveolar MHS macrophages. Further 

studies were conducted to determine the endocytic pathway of rhDNase. 

Objective 5: Study the interaction of native and PEGylated rhDNase with airway mucus  

PEGylation has been reported to decrease protein interaction with mucus; however, long PEG 

chains might entangle with mucin fibres and produce the opposite effect [153]. This effect was 

shown for PEG 20 and 40 kDa conjugates of Fab’ fragments in the mucus of healthy patients [153, 

154]. To clarify this for native and PEGylated rhDNase, we investigated their diffusion and binding 

to porcine tracheal mucus and CF sputa by fluorescence recovery after photobleaching (FRAP). 

The transport across mucus layers mounted on Transwell® inserts was also assessed.  
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ABSTRACT 

Conjugation of recombinant human deoxyribonuclease I (rhDNase) to polyethylene glycol (PEG) 

of 20 to 40 kDa was previously shown to prolong the residence time of rhDNase in the lungs of 

mice after pulmonary delivery while preserving its full enzymatic activity. This work aimed to study 

the fate of native and PEGylated rhDNase in the lungs and to elucidate their biodistribution and 

elimination pathways after intratracheal instillation in mice. In vivo fluorescence imaging revealed 

that PEG30 kDa-conjugated rhDNase (PEG30-rhDNase) was retained in mouse lungs for a 

significantly longer period of time than native rhDNase (12 days vs 5 days). Confocal microscopy 

confirmed the presence of PEGylated rhDNase in lung airspaces for at least 7 days. In contrast, 

the unconjugated rhDNase was cleared from the lung lumina within 24 hours and was only found 

in the lung parenchyma and alveolar macrophages thereafter. Systemic absorption of intact 

rhDNase and PEG30-rhDNase was observed. However, this was significantly lower for the latter. 

Catabolism, primarily in the lungs and secondarily in the blood and/or liver, followed by renal 

excretion were the predominant elimination pathways for both native and PEGylated rhDNase. 

Catabolism was nevertheless more extensive for the native protein. On the other hand, mucociliary 

clearance appeared to play a less prominent role in the clearance of those proteins after pulmonary 

delivery. The prolonged presence of PEGylated rhDNase in lung airspaces would be ideal for its 

mucolytic action in cystic fibrosis patients. 
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I. INTRODUCTION  

Therapeutic proteins currently account for more than half of the approved biopharmaceuticals and 

considering their steady growth, their market share is likely to expand further in future years [1, 2]. 

As compared to traditional low molecular weight drugs, therapeutic proteins are endowed with 

higher potency and specificity, reduced toxicity and organ accumulation, and lower interaction with 

other drugs [3-7]. Despite obvious benefits for the topical treatment of respiratory diseases and 

active research in the area, pulmonary delivery of therapeutic proteins is still in its infancy. Inhaled 

dornase alfa, a mucolytic agent for the management of patients with cystic fibrosis (CF) was 

approved in 1993 and so far, remains the only therapeutic protein for inhalation on the market.  

Several other therapeutic proteins are under development for the local treatment of lung diseases 

such as asthma, lung infections, CF or alpha-1 antitrypsin deficiency, with some in advanced stages 

of clinical trials [8, 9]. However, proteins for inhalation face two major obstacles to successful 

clinical use in lung topical treatment: first, a likely physicochemical degradation during production, 

formulation, storage, and nebulization and, secondly, a short residence time in the airways [10]. 

Most proteins are indeed cleared from the lungs within 24 hours [11] due to the combination of 

effective clearance mechanisms, i.e., mucociliary transport toward the upper airways then 

elimination through the mouth and stomach, absorption across lung epithelia into the systemic 

circulation, both enzymatic and non-enzymatic degradation processes, and uptake by lung cells, 

particularly alveolar macrophages [12-14]. 

Using the available protein modification toolbox, most efforts are tailored towards increasing the 

half-life of short-acting proteins after intravenous (IV) injection. Polyethylene glycol (PEG) backed 

by a long history of clinical use, safety, and a mastery of its chemistry, is by far the most explored 

protein modifier and it is likely to remain so for the foreseeable future. PEGylation, especially with 

high MW PEGs, was demonstrated effective in increasing the blood circulation time of proteins 

following injection by reducing their rapid glomerular filtration in the kidneys [15-17]. Preventing 

the enzymatic degradation and decreasing the immunogenicity of proteins are other suggested 

mechanisms for their increased half-life in the blood circulation [15-17]. 

Furthermore, a few studies have demonstrated a long local residence time of PEGylated proteins 

in the lungs following their pulmonary delivery, especially when PEG ≥ 20kDa [10]. The residence 

times were reportedly extended to at least 48 hours for linear 20 kDa (PEG20) a1-proteinase 

inhibitor [18], branched 2-arm 40 kDa PEG (PEG40) F(ab’)2 and PEG40 Fab’ antibody fragments 

compared with less than 24 hours for their non-PEGylated counterparts [13, 19, 20]. The longer 

lung retention was accompanied by improved efficacy in small animal models [18, 19]. 
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Recombinant human deoxyribonuclease I (rhDNase) plays an essential role in the management of 

CF symptoms along with the current standard medications [21]. rhDNase decreases the 

viscoelasticity of respiratory secretions by cleaving the extracellular DNA primarily released by 

neutrophils into the airspaces [22]. However, the short residence time (< 24 hours) of rhDNase in 

the lungs is a considerable drawback to its full clinical benefit [23]. Therefore, prolonging its 

residence time in the lungs would alleviate the burden of frequent and cumbersome administrations 

of the drug while maintaining or even enhancing its therapeutic efficacy, thereby improving 

patient’s life quality [10]. PEGylation of rhDNase was successfully performed with PEG20, 

PEG30, and PEG40 through site-specific conjugation to the N-terminal which allowed preserving 

the conformation and the full enzymatic activity of the protein [23, 24]. 

In a recent publication, pharmacokinetic studies in healthy mice following intratracheal instillation 

showed that 30 and 40 kDa PEG conjugates of rhDNase were present in the lungs for more than 

15 days. Unconjugated rhDNase, on the other hand, had a retention of less than 24 hours. 

Furthermore, a single dose of PEG30-rhDNase or PEG40-rhDNase exhibited an equivalent DNA 

hydrolysis activity after 5 days as one daily dose of rhDNase during 5 days in β-transepithelial Na+ 

channel–overexpressing mice (β-ENaC) [25].   

Following pulmonary administration of proteins, their pathways of clearance from the lungs might 

involve the mucociliary escalator towards the mouth then gastrointestinal tract (GI tract), transport 

across respiratory epithelia towards the bloodstream, uptake by lung cells and alveolar 

macrophages, and catabolism [10]. The elimination of PEGylated proteins from the lungs by 

systemic absorption would mean a risk of systemic toxicity, while clearance into faeces is usually 

synonymous with a desirable safety profile. Since rhDNase cleaves extracellular DNA in the 

respiratory secretions of patients with CF, it is paramount to distinguish between the ratios of the 

enzyme in lung parenchyma (unavailable) from those in airspaces, available to exert the intended 

mucolytic action.  

The purpose of the present work was to investigate the elimination pathways and fate of native 

and PEGylated rhDNase in the lungs following pulmonary delivery in mice. First, PEG20, PEG30, 

and PEG40 were site-specifically conjugated to rhDNase and then labelled with different 

fluorochromes to be administered via intratracheal instillation. The fate of the native and 

PEGylated rhDNase compounds and PEG30 was then examined in the lungs using confocal 

microscopy. Finally, near-infrared fluorescence imaging (NIRF) was performed after 

administration of rhDNase and PEG30-rhDNase, either intratracheally or intravenously, to assess 

their in vivo biodistribution and elimination pathways.
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II. MATERIAL AND METHODS 

 MATERIALS 

Commercial recombinant human deoxyribonuclease I (rhDNase, Pulmozyme®) was obtained 

from Genentech, Inc. (South San Francisco, CA, USA). Linear methoxy PEG propionaldehyde of 

20 kDa and 30 kDa and two-arm methoxy PEG propionaldehyde of 40 kDa (PEG20, PEG30, and 

PEG40, respectively) were obtained from NOF Corporation (Tokyo, Japan). Alexa Fluor™ 488 

TFP ester and Rhodamine B were purchased from Life Technologies (B.V., Gent, Belgium). 

MitoTracker® Red CMXRos, MitoTracker® Deep Red FM, and Draq5™ were purchased from 

Invitrogen™ (B.V., Gent, Belgium). Rhodamine-PEG30 was purchased from Creative PEGWorks 

(Winston Salem, NC, USA). NHS-VivoTag-S ® 750 (VT750) was purchased from Perkin Elmer 

(Waltham, MA, USA). Unless otherwise mentioned, all other chemicals and reagents were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). 

 PEGYLATION OF RHDNASE 

The PEGylation of rhDNase was adapted from the method described by Guichard et al. [23, 25]. 

PEG20-rhDNase, PEG30-rhDNase, and PEG40-rhDNase were produced by conjugation of 

rhDNase to PEG20, PEG30, and PEG40 respectively. Reductive amination in 0.1 M sodium 

acetate buffer (CH3CO2Na, pH 5) was performed using rhDNase at 10 mg/ml and a molar ratio 

PEG: rhDNase of 4:1 in the presence of sodium cyanoborohydride (NaBH3CN) as a reducing 

agent (100 molar excess). The reaction mixtures were stirred overnight at room temperature. The 

mono-PEGylated products were purified by anion exchange chromatography on a Resource Q, 

1mL column with ÄKTA™ purifier 10 system then by size exclusion chromatography (SEC) on a 

HiLoad 16/60 superdex 200 column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) (Figure 

S1). Native and PEGylated rhDNase products were stored at 4 °C in 150 mM NaCl, 1 mM CaCl2 

as the marketed dornase alfa product, Pulmozyme®. 

 FLUORESCENT LABELLING OF RHDNASE AND PEGYLATED RHDNASE 

Alexa Fluor™ 488 TFP ester was used for labelling rhDNase and PEGylated rhDNase products 

for confocal imaging experiments while NIR dye NHS-VivoTag-S ® 750 (VT750) was used for 

labelling rhDNase and PEG30-rhDNase for the biodistribution study by NIRF imaging. To this 

end, all solutions of rhDNase or PEG-rhDNases were exchanged against 1 mM CaCl2 in phosphate 

buffer saline (PBS) by ultrafiltration using vivaspin® Turbo 4, 3 kDa (Sartorius; Stonehouse, 
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Gloucestershire, UK). The appropriate volume of dye at 10 mg/ml in DMSO was then added to 

the protein solution at a molar ratio dye: protein of 10:1 and the reaction mixtures were kept at 

room temperature in dark under mild agitation for 1 h. The bulk of free dye was removed by 

ultrafiltration using vivaspin® Turbo 15, 10 kDa MWCO (Sartorius; Stonehouse, Gloucestershire, 

UK). Labelled rhDNase and PEGylated rhDNase were then further purified by SEC (HiLoad 

Superdex 200 pg, GE, Belgium), concentrated, filtered through 0.22 µm PVDF filters, and stored 

at 4 °C in a solution of 150 mM NaCl and 1 mM CaCl2 (Figure S2 and S3). The same degree of 

labelling (DOL) was achieved for all products (Table S1). The fluorescence signal of near-infrared 

labelled compounds was further verified by NIRF imaging (Figure S4). 

 CONFOCAL IMAGING OF MOUSE LUNGS FOLLOWING INTRATRACHEAL INSTILLATION OF 

PEG30 AND NATIVE AND PEGYLATED RHDNASES  

  Animals  

All experimental protocols were approved by the Institutional Animal Care and Use Committee of 

the Université Catholique de Louvain (Permit number 2016/UCL/MD/019 and 

2019/UCL/MD/044). 6-week old Female RjOrl SWISS mice (Elevage Janvier, Le Genest-St-Isle, 

France) were kept under conventional housing conditions and were allowed 1 week of acclimation 

before starting the experiments. Mice were fed a normal chow diet and had access to water ad 

libitum. 

For intratracheal instillation, mice were anaesthetized with ketamine/xylazine (90/10 mg/kg), 

while for in vivo imaging mice were anaesthetized by 1.5–2% isoflurane (Isoflutek™, Karizoo SA, 

Barcelona, Spain) in oxygen.  

 Intratracheal instillation 

Mice were anaesthetised by intraperitoneal injection of ketamine/xylazine (90/10 mg/kg) then 

fixed on an inclined board (~45°) in a supine position using surgical tape. With the aid of a small 

laryngoscope (Penn-CenturyTM– Model LS-2, Philadelphia, USA), mice were intubated with a 20 

G catheter (VWR International BVBA, Leuven, Belgium), then 30 ± 2 µl of samples or controls 

were administered intratracheally into the lungs using a precision syringe (100 µl, Model 710, 

Hamilton, Bonaduz, Switzerland) followed by an air bolus of 200 µl using 1ml syringe (HSW 

SOFT-JECT®, VWR International BVBA, Leuven, Belgium). Immediately after intratracheal 

instillation, mice were placed in an upright position for 20-30 seconds before further studies. 
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 Confocal imaging 

Mice were intratracheally instilled with 1 nmol of labelled compounds (A488-rhDNase, A488-

PEG20-rhDNase, A488-PEG30-rhDNase, A488-PEG40-rhDNase, or rhodamine-PEG30). 

Rhodamine B was used as a control to study the fate of the free dye. 15 min (0.25 h), 4 h, 24 h, 48 

h, 4 days, 7 days, or 15 days following administration, the mice were euthanized by cervical 

dislocation, and the lungs and tracheas were removed, roughly cut into ca. 2 mm slices by a razor 

blade then stained for confocal laser microscopy. Tissue was stained with MitoTracker® at 2 µM 

(MitoTracker® Red CMXRos or MitoTracker® Deep Red FM) and nuclei with either Draq5™ at 

30 µM or Hoechst 33342 at 90 µM final concentration. All stains were prepared in 400 µl of 4% 

formaldehyde PBS solution then lung slices from the same mouse were dipped in the staining 

mixture for 15 min then transferred to 4% formaldehyde PBS solution until imaged. Slices were 

imaged within an hour using Cell Observer Spinning Disk (COSD, Zeiss, Germany) and were 

recorded in blue (405 nm), green (488 nm), red (561 nm), and far-red (635 nm) channels. All images 

were acquired at 25 magnification and stored in 16-bit format. A laser exposure time of 200 ms 

was used throughout the experiments. 

Images were processed using ImageJ software (1.47v, NIH, USA). The detection threshold for 

compounds was set by choosing a cut-off so that to remove unspecific autofluorescence 

background (Figure S6A). 

 BIODISTRIBUTION OF RHDNASE AND PEG30-RHDNASE IN MICE AFTER 

INTRATRACHEAL INSTILLATION 

 Longitudinal near-infrared fluorescence imaging study 

Mice (6-7 per group) were intratracheally instilled with 2 nmol of VT750-rhDNase, VT750-

PEG30-rhDNase, or VT750 (dye). Blank consisted of mice with no instillation. Three mice of each 

group were spared for the ex vivo study and the rest (3 to 4 mice) were imaged separately in dorsal 

and ventral positions at times 2-3 min, 15 min, 4 h, 8 h, and 24 h post-delivery, then every 1-3 days 

thereafter up to two weeks.  

For the intravenous study, three mice per group were injected via the tail with 2 nmol of either 

VT750-rhDNase or VT750-PEG30-rhDNase (100 µl). Imaging was proceeded as above.  

All images were acquired by an IVIS Spectrum in vivo imaging system (PerkinElmer, France) using 

2D epifluorescence mode at 745/800 nm (excitation /emission) with automated exposure time and 

binning. Living Image® software (PerkinElmer, France) was used for image acquisition and 
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processing. The same regions of interest (ROIs) were consistently applied to all animals (Figure 

2I). The same threshold and scale (minimum to maximum) were used for comparisons among 

groups. The baseline fluorescence values (autofluorescence) were estimated from a group of 

untreated mice (n ≥ 6) and were used to set the minimum threshold. 

 Detection of rhDNase and PEG30-rhDNase in blood, urine and faeces 

Blood was collected from the tail using heparinised capillary tubes (60 µl haematocrit capillary, 

Hirschmann, Germany) at 2, 4, 8, and 24 h. Blood samples were imaged and ROIs were drawn 

around blood in microtubes. Blood samples were then centrifuged at 2500 rpm for 15 min to 

collect the plasma. Mice from different groups were housed in separate cages and the bedding was 

changed before instillation, 12 h, and 24 h post-delivery and faecal pellets were collected and 

imaged by IVIS Spectrum. Urines were collected at 2 h and when possible at 24 h by scuffing the 

mice against a metallic grid until urination then urines were collected by pipetting from a Petri dish 

placed underneath. Plasma and urines were frozen at -20 °C until further assayed. 

 Ex vivo near-infrared fluorescence imaging 

Three mice of each group were sacrificed by cervical dislocation 24 h post-delivery. The blood was 

collected first via opened intracardiac puncture and the following organs were harvested and 

imaged ex vivo: lungs, liver, kidneys, heart, spleen, bladder, stomach, small and large intestines, and 

caecum. ROIs were drawn around organs placed in multiwall plates. Organs were frozen at -20 °C 

until further assayed. 

 SDS-PAGE gel electrophoresis of samples 

Small pieces of lungs, liver, and kidneys were weighed and homogenised in 500 µl RIPA lysis buffer 

(Abcam, Cambridge, UK) using a tissue grinder (Polytron; Kinematica, Luzern, Switzerland). 

Tissue homogenates were then centrifuged at 4000 g at 4 °C for 10 min and the supernatants were 

stored at −20 °C. An amount of 15 µl of tissue homogenate was mixed with 5 µl of loading buffer 

(4x Laemmli Sample Buffer, BioRad, Belgium) then the mixture was directly loaded onto SDS-

PAGE gel (4–20% Mini-PROTEAN® TGX™ Precast Protein Gels, BioRad, Belgium). Plasma (5 

µl) and urine (≤ 30 µl) samples were first diluted in PBS if needed then loaded on the gel with 

loading buffer (3:1 sample: loading buffer). The gels were run at 120 V for 60 min then imaged 

immediately by IVIS Spectrum. Known amounts of VT750-rhDNase, VT750-PEG30-rhDNase, 

and VT750 were loaded on each gel as controls.  



CHAPTER II - BIODISTRIBUTION AND ELIMINATION PATHWAYS OF PEGYLATED RHDNASE  

77 

 Activity of rhDNase and PEG30-rhDNase in lung and liver homogenates 

The activity of rhDNase and PEG30-rhDNase in lung and liver homogenates was assessed using 

the methyl green (MG) assay described earlier [23, 26]. Briefly, the hydrolysis of the DNA-Methyl 

Green substrate (DNA-MG) by deoxyribonuclease releases free MG in solution, the colour of this 

latter fades out to colourless with time leading to a decreasing optical density (OD) at 620 nm.  

DNA-MG solution was prepared the day before by mixing 77% v/v of DNA from salmon testes 

at 2 mg/ml in buffer A (25 mM HEPES, 1 mM EDTA, pH 7.5), 4.6% of 0.4% w/v MG in buffer 

B (20 mM sodium acetate, pH4.2), and 18.4% of buffer C (25mM HEPES, 4 mM CaCl2, 4 mM 

MgCl2, 0.1% BSA, 0.01% thimerosal, 0.05% Tween20, pH 7.5). 

Lung and liver homogenates were first diluted in buffer C (40-fold and 80-fold respectively) then 

further serial 2-fold dilutions of samples and controls (100 µl) were prepared in buffer C in 96-well 

plates. 100 µl of DNA-MG solution was added to each well and the plates were sealed and 

incubated in a humid chamber at 37 °C for 24 h. At the end of incubation time, the absorbance 

was measured at 620 nm by SpectraMax i3 (Molecular Devices, US). 

 STATISTICS  

All data are presented as mean ± SEM. All statistical inferences are based on a two-sided 

significance level of * p < 0.05, ** p < 0.01, and *** p < 0.001 and were carried out using GraphPad 

Prism version 8.00 (GraphPad Software, La Jolla California USA).  ANOVA was used for multiple 

group comparisons (n ≥ 3), while t-test was used for two group comparisons. 
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III. RESULTS AND DISCUSSION 

Previously published works have shown that conjugation of proteins to PEGs of MWs ≥ 20 kDa 

has a high potential for increasing their residence time in the lungs [13, 18-20, 27]. More recently, 

30 and 40 kDa PEG conjugates of rhDNase were shown to be retained in the lungs of mice for 

more than 15 days compared to merely 24 h for the unconjugated rhDNase [25]. In the current 

study, we investigated the influence of PEGylation on the biodistribution and elimination pathways 

of rhDNase in mice following intratracheal instillation using confocal microscopy and NIRF 

imaging.  

 LUNG LOCAL DISTRIBUTION OF NATIVE AND PEGYLATED RHDNASE 

The local presence of rhDNase in airspaces is paramount for the mucolytic action of the enzyme 

and therefore its therapeutic efficacy. To assess the impact of PEGylation and PEG size on the 

local distribution of rhDNase in the lungs after pulmonary delivery, the fate of rhDNase, PEG20-

rhDNase, PEG30-rhDNase, PEG40-rhDNase, PEG30, and rhodamine was followed over time in 

mice by confocal microscopy. 

Shortly after intratracheal instillation (15 min), all compounds were distributed to most lobes and 

covered many regions of the lungs. In these regions, the signal distribution in airspaces was 

relatively homogenous evenly filling the airspaces with no particular accumulation pattern (Figure 

1 at 0.25 h, Figure S5). The fluorescence signal from the trachea was hardly detectable even at early 

time points; probably due to the presence of negligible amounts or the washout of compounds 

during the staining step. The free dye was cleared very fast on account of its low MW (~ 480 Da) 

and hydrophobic nature as no signal was detected at 4 h in either alveolar spaces or lung cells 

(Figure S6B). 

The signal intensity in airspaces decreased faster for rhDNase where the signal was barely 

detectable beyond 24 h except in alveolar macrophages and faintly in lung parenchyma. The 

PEGylated forms of rhDNase continued to be present in the airspaces for at least 4 days for 

PEG20-rhDNase and 7 days for PEG30-rhDNase and PEG40-rhDNase as well as PEG30 alone 

(Figure 1, S5 and S7). The fluorescent signal in alveolar macrophages was detected 4 h post 

instillation and persisted even after the disappearance of fluorescence from the airspaces. It lasted 

4 days for rhDNase and 15 days for PEG30-rhDNase, PEG40-rhDNase, and PEG30 alone. 
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Figure 1. Representative confocal imaging of rhDNase and PEG30-rhDNase in mouse lungs. One nmol 
of Alexa488-rhDNase or Alexa488-PEG30-rhDNase was administered by intratracheal instillation. Mice 
were sacrificed at specific time points and the lungs were sliced and stained with MitoTracker® for tissue 
and Draq5™ for nuclei. Sections were imaged with Cell Observer Spinning Disk (COSD, Zeiss, Germany). 
Compounds were pseudocoloured in green, tissue in red, and nuclei in blue. Each experimental condition 
was repeated at least twice. Lower right image shows the presence of PEG30-rhDNase in alveolar 

macrophages (arrows ), and alveolar spaces (stars *) at day 4 post-instillation. Images were processed by 
ImageJ software (1.47v, NIH, USA). Scale bars, 50 µm. 

The longer persistence of PEGylated rhDNase and PEG30 in alveolar macrophages compared 

with non-PEGylated rhDNase could be ascribed to the longer availability of the formers in the 

airspaces. They could also be taken up more slowly or be more resistant to degradation by alveolar 

macrophages [19, 27]. 

Numerous alveolar macrophages are actively patrolling the alveolar spaces and engulfing 

therapeutic particles and proteins in the epithelial lining fluid, thus considerably limiting the efficacy 

of pulmonary drug delivery, unless they are themselves targeted [28-30]. Overcoming the barrier 

of macrophage uptake through surface coating of particles with PEG was indeed shown to increase 

their residence time in the lungs [31]. Along this line, depleting alveolar macrophages led to a 
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significant increase in the systemic absorption of human chorionic gonadotropin (hCG, 39.5 kDa) 

and IgG (150 kDa) after pulmonary administration in mice [32]. 

Macrophage uptake was also reported for PEG40-Fab’, PEG30-rhDNase, and PEGs of up to 40 

kDa after pulmonary delivery [19, 25, 27, 33]. While no quantitative data were collected in the 

present work, another study from our laboratory demonstrated that the uptake of PEGylated anti-

IL13 Fab’ by alveolar macrophages was slightly less efficient than its non-PEGylated counterpart 

in mice [19].  

Protection against aggregation is another likely explanation for the lower uptake of PEGylated 

rhDNase. Indeed, because large proteins are poorly absorbed through the lungs, they are prone to 

aggregation and precipitation in lung lining fluid thus accelerating their uptake by alveolar 

macrophages [34]. However, stability studies in contact with BAL revealed that PEGylation only 

confers slight protection to rhDNase against aggregation and loss of activity in the absence, but 

not the presence, of calcium ions (Figure S8 and S9). Therefore, a potential decrease in the uptake 

of PEGylated rhDNase by alveolar macrophages through preventing aggregation in lung lining 

fluid might not be significant. In alignment with our observations, previous work published by 

Freches et al. concluded that PEGylation delayed the clearance of Fab’ fragment by alveolar 

macrophages and that the PEG40 moiety persisted longer than the Fab’ moiety inside the cells 

[27].  

Furthermore, our data are consistent with previous work by Guichard et al. in which the increase 

in residence time of rhDNase was in accordance with the increased length of the PEG [25]. Bulkier 

PEGs could better protect proteins from aggregation and enzymatic degradation and reduce cell 

uptake and systemic absorption more efficiently [10, 25]. Patil et al. compared the lung retention of 

conjugated anti-IL-17A to PEG20 and PEG40 and nevertheless concluded that the PEG size did 

not affect the lung retention of anti-IL-17A to a large extent [13]. Finally, the fate of the PEG30 in 

mouse lungs was similar to that of the PEG30-rhDNase in terms of local distribution and retention 

time indicating that the fate of the PEG30-rhDNase in the lungs is highly influenced by the 

presence of the PEG moiety. 
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 LUNG CLEARANCE OF RHDNASE AND PEG30-RHDNASE AFTER PULMONARY 

DELIVERY 

Based on the confocal images and the previously published pharmacokinetic data of Guichard et 

al. demonstrating the effectiveness of PEG30-rhDNase in extending the presence of rhDNase in 

the lungs [25], we selected PEG30-rhDNase to carry out further biodistribution studies.  

For this purpose, the NIRF signal was followed overtime after the intratracheal instillation of 2 

nmol of VT750-rhDNase, VT750-PEG30-rhDNase or VT750 dye alone, in mice. As expected, a 

fluorescent signal was observed in the thorax immediately after instillation. The signal intensity 

from the ventral view was consistently higher than that from the dorsal view due to the shallower 

depth of the lungs from the former (Figure 2A-B). Despite being less intense, the signal from the 

dorsal view was less prone to interference with the signal from other organs especially at early time 

points (< 24 h). For instance, the fluorescent signals present in lungs, stomach and liver overlapped 

at 8 h post-instillation in the VT750-rhDNase group leading to an overestimation of the signal at 

this time point from a ventral view (Figure 2B). The contribution of other adjacent organs (i.e. the 

heart) to the in vivo apparent fluorescent signal in the thorax was negligible as was confirmed by ex 

vivo NIRF imaging at 24 h post-instillation (Figure 3A-B). It is worth mentioning that the apparent 

fluorescence signal detected from the lungs is underestimated compared with the signal from other 

relatively superficial or unprotected organs such as the liver, the stomach, and the bladder because 

the lungs are buried deep in the chest cavity. The fluorescence signal was present in the lungs up 

to 5-7 days for VT750-rhDNase and 12-14 days for VT750-PEG30-rhDNase (Figure 2A-B), in 

clear contrast to the VT750 dye which was cleared within 24 h (Figure S10). 

Immediately after intratracheal instillation, the signal was observed in the lungs, trachea, mouth, 

and nose then rapidly spread throughout the whole body within 15 min indicating a systemic 

absorption of VT750-rhDNase, VT750-PEG30-rhDNase, and free VT750 dye (Figure 2B and 

Figure S10). The signal in the thorax ROI increased between time 2 min and 8 h. This artefact is 

ascribed to the increased signal in the blood over time, which gives rise to a higher apparent 

epifluorescence signal in the thorax ROI by NIRF imaging as blood vessels are located superficially 

beneath the surface of the skin, therefore, closer to the camera (Figure 2D). The signal in the 

thoracic region increased to an even higher extent in the case of the VT750 dye that is absorbed 

more quickly due to its hydrophobic nature and low MW (i.e. 1.18 kDa vs 37 or 67 kDa for rhDNase 

or PEG30-rhDNase, respectively). Geyer et al. reported similar findings after pulmonary delivery 

of 2.5 or 10 µg of Alexa-750-siRNA to mice [35]. In that study, the fluorescence signals in the 

thorax increased compared to the initial measurements for the same mice 6 and 24 h post-delivery. 
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In our case, at 24 h post-delivery and beyond, the signals were less than those initially and that of 

VT750-PEG30-rhDNase in the lungs was 1.5 to 2-fold higher than that of VT750-rhDNase until 

total clearance from the lungs.  

 BIODISTRIBUTION OF RHDNASE AND PEG30-RHDNASE AFTER INTRAVENOUS 

DELIVERY  

The biodistribution of rhDNase and PEG30-rhDNase after intravenous injection was also 

examined. Immediately after delivery, the signal was spread throughout the whole body and the 

images were similar to those collected 15 min to 24 h following intratracheal instillation, confirming 

that a systemic absorption occurred after pulmonary delivery. In addition, as soon as 15 min after 

IV injection, a strong signal appeared in the bladder and the liver indicating a liver clearance and 

renal excretion of rhDNase and PEG30-rhDNase as degradation products, free dye, and intact 

proteins (Figure 2C), although the renal excretion of intact PEG30-rhDNase is unlikely (cf. section 

III.6). VT750-rhDNase did not persist in the liver for as long as VT750-PEG30-rhDNase (5 days 

vs 22 days) (Figure 2G). Moreover, in vivo data did not reveal any significant distribution for both 

compounds in other organs including the lungs. The longer half-life and liver retention of 

PEGylated rhDNase were expected and are likely the result of the increased protein hydrodynamic 

size and thereby the reduced glomerular filtration. A delayed proteolytic degradation of PEGylated 

rhDNase is also possible [36-39].  

 ORGAN DISTRIBUTION OF RHDNASE AND PEG30-RHDNASE AFTER PULMONARY 

DELIVERY 

Ex vivo imaging of organs at 24 h post-instillation clearly showed a dominant signal in the lungs for 

both VT750-rhDNase and VT750-PEG30-rhDNase groups compared to the other organs (Figure 

3A and B, Figure S11, and S12). The percentage of lung signal accounted for 91 ± 4% (mean ± 

SEM) of the total signal of harvested organs for VT750-PEG30-rhDNase, compared with 66 ± 

6% for VT750-rhDNase (Figure 3A and B). In addition, the total lung signal was 1.75 times higher 

for VT750-PEG30-rhDNase compared with that of VT750-rhDNase, consistent with the in vivo 

imaging at 24 h post-instillation (Figures 2D, 3C and 3D). 

The signal in the liver peaked around 8 h and was 8-fold higher in VT750-rhDNase group 

compared with VT750-PEG30-rhDNase at 24 h ex vivo (27 ± 3% vs 3 ± 1%) (Figure 2E and Figure 

3E). This is mainly attributed to the lower systemic absorption of VT750-PEG30-rhDNase 

preventing its significant accumulation in the liver and other distant organs. Higher signals were 
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also detected in the heart for VT750-rhDNase compared with VT750-PEG-rhDNase (p < 0.05), 

but not in the kidneys, the spleen or the GI tract (Figure 3E). 

Clearance via the urine seemed to be predominant for all compounds as indicated by the presence 

of fluorescence signal in the bladder from early time points until the total clearance of compounds 

from the body (Figure 2B). Nevertheless, analysis of urines showed that most of the fluorescent 

signal stems from the free dye and degradation products rather than the intact proteins (cf. section 

III.6). Due to the irregularity of urination, the signal from the bladder was not used for comparison 

between groups and the ex vivo signal in the kidneys was used instead (Figure 3E and S11B). In 

contrast, no distinct signal from the kidneys could be obtained in live animals in Figure 2 due to 

the weak fluorescent signal.   

On the other hand, mucociliary clearance followed by digestive elimination appeared to contribute 

to the clearance of rhDNase and PEG30-rhDNase after pulmonary delivery but to a lower extent 

and indifferently to the compound. The fluorescence signal in the stomach was not detectable at 

early time points (< 15 min), in contradiction with an expected rapid accumulation of compounds 

initially deposited in the mouth during instillation (Figure 2F). It then built up to reach a maximum 

at 8 h suggesting mucociliary clearance followed by swallowing occurred. It is nevertheless 

noteworthy that fluorescence in the stomach was easier to spot in the VT750-PEG30-rhDNase 

group at 4 and 8 h as the signal from the liver did not interfere at these time point (Figure 2B 8 h). 

The signal in the faecal pellets collected up to 24 h post instillation represented only a tiny fraction 

of the total signal (Figure S13) and that in the GI tract represented no more than 3% at 24 h with 

no difference between the VT750-rhDNase and PEG30-rhDNase groups (Figure 3E and Figure 

S14). 

These observations support the suggestion of Hastings et al. [14]  who argued that the mucociliary 

clearance is not a significant mechanism of protein clearance from the lungs, particularly after 

delivery to distal airways [13]. Its contribution could be even less effective in respiratory diseases 

such as chronic obstructive pulmonary disease (COPD), CF, and asthma where the mucociliary 

clearance is impaired [40, 41]. 

The longer residence time of PEGylated rhDNase compared with rhDNase in the lungs is expected 

to be observed if compounds were administered by nebulisation or as dry powders. In the case of 

nebulisation, lung deposition is more homogeneous and peripheral compared to intratracheal 

instillation; therefore, the systemic absorption and cell uptake of both proteins is expected to be 

higher by nebulisation but the involvement of mucociliary clearance would be undermined. In the 

case of dry powder inhalers (DPI), the clearance of solid particles is driven by their physico-



CHAPTER II - BIODISTRIBUTION AND ELIMINATION PATHWAYS OF PEGYLATED RHDNASE  

84 

chemical properties; once proteins are released from their carriers in contact with lung lining fluids, 

the longer residence time of PEGylated rhDNase compared to rhDNase would hold due to the 

lower absorption and cell uptake of the former.  

The pharmacokinetic advantages of PEGylated rhDNase are also expected to be observed in 

diseased CF lungs. Guichard et al. have shown that PEGylation increased the stability of rhDNase 

in CF respiratory secretions [24]. Moreover, the efficacy studies in β-ENaC mice showed that a 

single dose of PEG30-rhDNase or PEG40-rhDNase exhibited an equivalent DNA hydrolysis 

activity after 5 days as one daily dose of rhDNase during 5 days. These results suggest that 

PEGylated rhDNase was also retained longer in murine inflamed lungs [25]. 

 



 

 

 

Figure 2. In vivo NIRF imaging in mice after intratracheal and intravenous administration. Swiss mice received 2 nmol of VT750-rhDNase, VT750-PEG30-rhDNase, or VT750 by 
intratracheal instillation (IT, A, B, and D-F). C and G, mice were injected intravenously (IV) via the tail with 2 nmol of VT750-rhDNase or VT750-PEG30-rhDNase. Blank mice did 
not receive any compound. Mice were imaged by IVIS Spectrum in 2D epifluorescence mode at 745/800 nm (ex/em). A and B, representative images from dorsal and ventral views, 
respectively after IT; D-F, quantification of ROIs in the thorax, liver, and stomach. C, representative images from ventral views after IV injection; G, quantification of ROIs in the 
liver. H, legend of figures D-G. I, ROI diagram. Data points represent the mean ± SEM of the total fluorescence signal (n = 3). Significant differences between VT750-rhDNase and 
VT750-PEG30-rhDNase are indicated by * for p < 0.05, ** for p < 0.01, and *** for p < 0.001 (repeated measures two-way ANOVA followed by Tukey’s post hoc test). 
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Figure 3. Ex vivo organ imaging in mice at 24 h post intratracheal instillation of 2 nmol of VT750-rhDNase, 
VT750-PEG30-rhDNase, or VT750 free dye. Mice were sacrificed, blood and organs were collected for 
epifluorescence quantification by IVIS Spectrum at 745/800 nm (ex/em). A and B represent the percentage 
of signal from each organ to the total signal from all organs for VT750-rhDNase and VT750-PEG30-
rhDNase, respectively. C, NIRF images of lungs ex vivo and D, signal quantification ROIs in C. E, signal 
quantification in other organs, the GI tract signal is the sum signal from the stomach, small intestine, large 
intestine and caecum. Bar charts represent the mean ± SEM (n = 3). Significant differences are indicated by 
* p < 0.05, ** p < 0.01, or *** p < 0.001 (one-way ANOVA followed with Tukey's post hoc test). 
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 INTEGRITY OF RHDNASE AND PEG30-RHDNASE IN LUNG HOMOGENATES 

In a previous work [25], sustained retention of PEG30-rhDNase over 15 days in mouse lungs was 

reported, which agrees with the present data (Figure 2A-B). Nonetheless, the total clearance of 

unconjugated rhDNase from the lungs occurred within 24 h compared with 5 to 7 days in our 

experiments. To reconcile both findings, we suggest that the fluorescent signal detected for VT750-

rhDNase in mouse lungs beyond 24 h might arise from degraded rhDNase in alveolar macrophages 

and lung parenchyma. Indeed, the signal followed by NIRF imaging originates not only from intact 

compounds but also from their degradation products and the released dye. It is well-established 

that the lungs are involved in protein metabolism, albeit to a lesser extent than the liver for example 

[34]. Moreover, for PEGylation to be effective as a method of improving the therapeutic efficacy 

of rhDNase, the enzymatic activity of PEGylated rhDNase should be preserved in vivo. Altogether, 

it was therefore important to investigate the integrity and enzymatic activity of rhDNase and 

PEG30-rhDNase in the lungs. 

Gel electrophoresis of lung homogenates revealed the presence of distinct bands corresponding to 

the intact proteins as well as byproducts of VT750-rhDNase and VT750-PEG30-rhDNase at 24 h 

(Figure 4A and B). The intensity of the bands corresponding to intact VT750-PE30-rhDNase was 

18.9 ± 1.0% of the total signal, 10-fold higher than that of VT750-rhDNase (1.8 ± 0.4%) (Figure 

4A-C). This is in correlation with the 10-fold higher enzymatic activity on DNA of VT750-PEG30-

rhDNase in lung homogenates compared with VT750-rhDNase (Figure 4D).  

Bands corresponding to the released VT750 dye and rhDNase fragments of roughly estimated 

MWs between 10 and 20 kDa were detected in lung homogenates for both VT750-rhDNase and 

VT750-PEG30-rhDNase groups (arrows in Figure 4A). Interestingly, no bands corresponding to 

the MW of rhDNase (~37 kDa) were visible for the VT750-PEG30-rhDNase group. The most 

plausible explanation is that the degradation of the protein moiety in PEG30-rhDNase occurs first, 

while still attached to the PEG, which is then followed by the cleavage of the PEG moiety [42]. 

The band observed just below that of VT750-PEG30-rhDNase likely corresponds to the same 

fragments of rhDNase (10-20 kDa) still attached to the PEG30 moiety (Figure 4A and B).   
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Figure 4. Ex vivo analysis of lung homogenates 24 h post instillation of 2 nmol of VT750- rhDNase, 
VT750-PEG30-rhDNase, or VT750 (dye). A) SDS-PAGE of lung homogenates, arrows point to 
degradation fragments. B) Same image as A after concealing the bottom part of the gel and amplifying the 
signal to visualise VT750-rhDNase bands. Lane 1, Control loaded with VT750-rhDNase (~10 ng), VT750-
PEG30-rhDNase, and VT750; Lanes 2-10, samples from different mice. Gel was imaged by IVIS Spectrum 
(745/800 nm ex/em). Scale in radiant efficiency ([p/s/cm²/sr] / [µW/cm²]). C) Percentage of signal 
intensities of intact bands to the total signal intensity of all bands in the same lane. D) Enzymatic activity of 
lung homogenates on DNA-MG substrate. E) Enzymatic activity of stock solutions of VT750-rhDNase 
and VT750-PEG30-rhDNase, showing their similar enzymatic activity. DNA hydrolysis releases MG in 
solution leading to a decrease in the absorbance at 620 nm after 24 h of incubation at 37 °C. Data represent 
mean ± SEM (n = 3, t-test (C) and ANOVA two ways followed with Tukey's post hoc test (D-E), ** p < 
0.01, and *** p < 0.001). MW, molecular weight. 

The degradation of the protein moiety of PEGylated proteins was demonstrated by Elliot et al. who 

followed the fate of PEG40-insulin in the plasma of rats after intravenous administration [43]. 

Using antibodies directed against PEG (anti-PEG) and insulin (anti-insulin), they detected the PEG 

moiety over a much longer period of time than insulin by Western blot but could not detect the 

native unmodified insulin, therefore, concluded that insulin was most likely degraded while still 

coupled to the PEG moiety, losing, thus, its antigenic epitopes. 

Our data suggest that PEG30-rhDNase suffered less degradation in the lungs and, therefore, 

retained more activity compared with rhDNase, which was extensively degraded at 24 h.  

Taken together with the confocal images (Figure 1) and the pharmacokinetic data of Guichard et 

al.[25] in which rhDNase was cleared from lungs within 24 h, it is likely that the intact fractions of 

rhDNase and PEG30-rhDNase in lung homogenates at 24 h are localised extracellularly whereas 

the intracellular signal observed in alveolar macrophages and epithelial cells by confocal imaging 

corresponds mostly to degraded fragments. 
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 SYSTEMIC ABSORPTION OF RHDNASE AND PEG30-RHDNASE AFTER PULMONARY 

DELIVERY 

Systemic absorption to the bloodstream is another clearance mechanism of proteins from the lungs 

besides mucociliary clearance and local degradation. The systemic absorption of rhDNase after a 

single inhalation has been shown to range from less than 2% in monkeys up to 15% in rats [44]. 

Proteins of similar or larger MWs such as human chorionic gonadotropin (hCG, 39.5 kDa), human 

albumin (68 kDa), and IgG (150 kDa) have also been reported to be absorbed into the blood after 

pulmonary delivery, albeit poorly [32, 34]. However, a few studies have reported a decrease in lung 

absorption of proteins upon their PEGylation. Following pulmonary delivery in rats, the 

bioavailability of recombinant human granulocyte-colony stimulating factor (rhGCSF, 18 kDa) 

dropped threefold after conjugation to 6 kDa PEG (11.9% to 4.5%) and even lower after 

conjugation to 12 kDa PEG (1.6%) [45]. A similar decrease was observed for IFNα2b (19 kDa), 

with its bioavailability reduced from 15% to 5.5% and < 0.4% when conjugated to PEGs of 12 

kDa and 40 kDa, respectively [7]. Patil et al. showed that PEGylation of anti-IL-13 and anti-IL-17A 

(47 kDa) with PEG40 reduced both their uptake and transport across Calu-3 human lung epithelial 

cells [13]. Based on these studies and the general assumption that larger proteins are less absorbed 

from the lungs [7, 46], PEGylation is expected to diminish the absorption of rhDNase across the 

lung epithelial barrier.  

Systemic absorption of both VT750-rhDNase and VT750-PEG30-rhDNase was suspected from 

observations in live animals and isolated organs (Figure 2 and Figure 3). This was confirmed by 

monitoring the presence of the proteins in the blood. The maximum blood signals of VT750-

rhDNase were higher than those of VT750-PEG30-rhDNase (Figure 5A and C and Figure S15). 

The signal of VT750-rhDNase in the blood peaked at around 4 h post-delivery then decreased 

slowly thereafter, whereas that of VT750-PEG30-rhDNase increased initially then remained 

relatively steady from 2 h to 24 h. The absorption of intact compounds was confirmed by the 

presence of bands corresponding to MWs of both intact VT750-rhDNase and VT750-PEG30-

rhDNase in plasma by gel electrophoresis (Figure 5C). The signal intensity patterns of VT750-

rhDNase and VT750 PEG30-rhDNase bands in plasma were overall in agreement with the signals 

from the whole blood. Besides the free dye detected in all groups, faint bands corresponding to 

degraded fragments of VT750-rhDNase and VT750-PEG30-rhDNase similar to those detected in 

lung homogenates at 24 h were detected in plasma at 4 h and 24 h (Figure 5B). These degradation 

fragments likely diffused from the lungs into the systemic circulation, however, degradation of 
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VT750-rhDNase and VT750 PEG30-rhDNase could also have occurred in plasma or liver after 

systemic absorption.  

Gel electrophoresis of urine samples collected 2 h after intratracheal instillation showed the 

presence of intact VT750-rhDNase (Figure 5C). Renal excretion is expected to be relatively rapid 

due to the low MW of rhDNase compared with the threshold of renal filtration (60-70 kDa) [39, 

47-50]. On the other hand, no traces of intact VT750-PEG30-rhDNase could be detected in the 

urine at 2 h and 24 h, likely due to its large molecular volume (Figure 5C and Figure S16). Our 

measurements of the hydrodynamic size of rhDNase and PEG30-rhDNase by dynamic light 

scattering indicate a size of ~ 4.8 nm for rhDNase and ~10 nm for PEG30-rhDNase (Table S2). 

The hydrodynamic size of the latter is larger than that of serum albumin (68 kDa, ~6 nm), a protein 

of similar MW [51]. It is known that the molecular size of PEGylated proteins is much larger than 

proteins of similar MWs [39, 45]. In fact, the hydrodynamic volume of PEG 18 kDa alone is greater 

than that of serum albumin [52]. Therefore, the renal filtration of intact PEG30-rhDNase should 

in principle be negligible. It is worthwhile to mention that PEGs as big as 40 kDa were shown to 

be excreted in the urines of mice, rats, and humans [53-55].  

No bands of either VT750-rhDNase or VT750-PEG30-rhDNase could be detected in the kidneys 

which could be also explained by the weak signal obtained in the kidneys ex vivo at 24 h  (Figure 

S17). Only degraded fragments of VT750-rhDNase were detected in the liver for VT750-rhDNase 

group at 24 h, suggesting the potential implication of the liver in the catabolism of the protein after 

absorption from the lung. On the other hand, the signal intensity in the liver was too low to detect 

any bands for the VT750-PEG30-rhDNase group (Figure S17). 

 ELIMINATION OF RHDNASE AND PEG30-RHDNASE AFTER INTRAVENOUS DELIVERY  

After IV injection, VT750-rhDNase was cleared from the blood faster than VT750-PEG30-

rhDNase (Figure 5D). Plasma concentrations of VT750-rhDNase were already lower than those 

of VT750-PEG30-rhDNase at 2 h and were barely detectable at 24 h (Figure 5D-E). Gel 

electrophoresis of plasma collected 4 h and 24 h post-injection showed similar degradation 

products for both VT750-rhDNase and VT750-PEG30-rhDNase (Figure 5E). These degradation 

products are also similar to those found in the plasma 24 h post-instillation (Figure 5B). This 

confirms our earlier suggestion that further degradation in the liver or plasma could occur following 

systemic absorption of both intact and degraded rhDNase and PEG30-rhDNase from the lungs.  
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Figure 5. Analysis of blood, plasma, and urine by NIRF imaging. Mice received 2 nmol of VT750-rhDNase, 
VT750-PEG30-rhDNase, or VT750 by intratracheal instillation (IT, A-C) or intravenous injection (IV, D 
and E). A, D) Quantification of signal in blood samples collected at 2, 4, 8, and 24 h post-delivery by IVIS 
Spectrum at 745/800 nm (ex/em). B) SDS-PAGE of plasma (5 µl) at 2, 4, and 24 h post-instillation. C) 
SDS-PAGE of urines (30 µl) collected at 2 h post-instillation. E) SDS-PAGE of plasma (5 µl) at 2 and 24 
h post-injection. Arrows point to degradation fragments. Samples were mixed with loading buffer (3:1 
sample: 4x Laemmli) then loaded on the gel (4–20%) and run at 120 V for 60 min. Lane 1, Control loaded 
with VT750-rhDNase (~10 ng), VT750-PEG30-rhDNase, and VT750; Lanes 2-10, samples from different 
mice. Gels were imaged by IVIS Spectrum (745/800 nm ex/em). Scale in radiant efficiency ([p/s/cm²/sr] 
/ [µW/cm²]). Data points represent the mean ± SEM (n = 3). Significant differences from VT750-rhDNase 
are indicated by *** p < 0.001 for VT750-PEG30-rhDNase and ### p < 0.001 for VT750 (two-way 
ANOVA followed with Tukey's post hoc test). 
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IV. CONCLUSIONS 

In this work, the fate in the lungs and elimination pathways of native and PEGylated rhDNase 

were investigated following intratracheal delivery to healthy mice. Native rhDNase was cleared 

from the lungs within 24 h whereas conjugation to PEGs of 20 to 40 kDa sustained the presence 

of the enzyme in lung airspaces for more than 4 days (PEG20-rhDNase) or 7 days (PEG30-

rhDNase and PEG40-rhDNase) after a single dose. Reduced degradation within the lungs and 

lower systemic absorption were identified as major mechanisms driving the longer retention of 

PEGylated rhDNase in the lungs. Both rhDNase and PEG30-rhDNase were primarily degraded 

in the lungs and secondarily in the blood and/or liver, followed by renal excretion. Interestingly, 

the degradation of PEG30-rhDNase likely involves an initial fragmentation of the protein followed 

by a detachment of the PEG moiety. Following intratracheal instillation, no accumulation of the 

proteins was seen in other organs at the exception of rhDNase in the liver. However, liver 

accumulation was prominent after IV injection and was more marked for PEG30-rhDNase. 

Alveolar macrophages were shown to actively take up both PEGylated and native rhDNase as well 

as PEG alone. Deeper mechanistic studies are being conducted to determine the influence of 

PEGylation on the stability of rhDNase in contact with lung media, the uptake by macrophages, 

and the transport across lung epithelial cells. Overall, the prolonged presence of PEGylated 

rhDNase in lung airspaces would be ideal for its mucolytic action in patients with CF.
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Table S1. Calculating the degree of labelling (DOL) of rhDNase and PEG30-rhDNase with VivoTag-S ® 
750. 

 

 rhDNase PEG30-

rhDNase 

Comment 

Molecular weight  37,000 67,000  

Molar extinction 

coefficient 

 (L. mol-1.cm-1) at 280 

nm 

55,000 55,000* *The same as rhDNase as the PEG 

moiety does not contribute to the 

absorption at 280 nm. 

A280* (cm) 1.15 0.78 Measured by nanodrop 2000 

A750* (cm) 4.12 2.76 

Corrected A280 (cm) 0.90 0.61 Corrected A280 = A280- (0.06 x 

A750) 

Protein (mol/L) 1.63 10-5 1.10 10-5 The final products were concentrated 

to 6.49 10-5 M (2.4 mg/ml for 

rhDNase) 

Dye (mol/L) 1.71 10-5 1.15 10-5 Molar extinction coefficient of 

VivoTag-S ® 750  = 240,000 L. mol-

1.cm-1 

DOL =  Dye: Protein 

ratio 

1.05 1.05  

*A280 and A750 are absorbance at 280 nm and 750 nm, respectively 

 

Table S2. Hydrodynamic size of native and PEGylated rhDNase by dynamic light scattering (DLS). 
Samples were prepared at concentrations of 1.0 mg/ml in 150 mM NaCl and 1 mM CaCl2 then filtered 

through two PVDF 0.22 μm pore size filters. Measurements were performed at a temperature of 25 °C on 
a Zetasizer Ultra (Malvern Instruments, UK). Disposable glass capillaries were from Malvern Instruments 

(Part No.ZSU0003) with a 1.0 mm x 1.0 mm square internal bore and a wall thickness of 200 μm. 
Polydispersity index (PDI) was < 0.1 for all samples. Bars represent means ± SD (n = 3).  

 

Values in nm Volume mean (SD) PDI (SD) 

rhDNase 4.79 (0.20) 0.092 (0.011) 

PEG30- rhDNase 9.95 (0.43) 0.099 (0.019) 
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Figure S1. Purification and characterisation of PEGylated rhDNase with PEGs of 20, 30, and 40 kDa. A 
and B, purification of the PEGylation reaction of rhDNase with PEG30 propionaldehyde. A) Elimination 
of unreacted PEG30 by anion-exchange chromatography (elution buffer 500 mM NaCl, 1 mM CaCl2). The 
chromatogram shows from left to right: PEG30-rhDNase (plain peak, multi and mono PEGylated) and 
rhDNase (hatched peak). B) Size exclusion chromatography of all peaks collected from A. Chromatogram 
shows from left to right, multi-PEG30-rhDNase (empty peak), mono-PEG30-rhDNase (plain peak), and 
rhDNase (hatched peak). C and D, SDS-PAGE of rhDNase, PEGylated rhDNase, and free PEGs. 0.5 to 
2 µg of proteins or PEGs were loaded on 4–20% Mini-PROTEAN®TGXTM precast gel and run for 60 
min at 120 V. The same gel was stained for PEGs (C, brown bands), then for proteins (D, blue bands). 
PEGs were stained with a barium iodide solution according to Guichard et al. [23]). Proteins were visualised 
using GelCode™ Blue Stain Reagent (Thermo Fisher Scientific, Rockford, IL, USA). Note that only 
PEGylated rhDNase products were stained for both PEG and protein. 

  



CHAPTER II - BIODISTRIBUTION AND ELIMINATION PATHWAYS OF PEGYLATED RHDNASE  

99 

 
Figure S2. Size exclusion chromatography (SEC) of Alexa488-labelled native and PEGylated rhDNase with 
PEG20, PEG30, and PEG40 kDa (A to D respectively). Labelled proteins were extensively dialysed against 
150 mM NaCl, 1 mM CaCl2 solution then injected in Superose 6 Increase 10/300 GL (column (GE 
Healthcare Bio-Sciences AB, Uppsala, Sweden). Labelled proteins were eluted with 150 mM NaCl, 1 mM 
CaCl2 (1 ml/min). Elution was monitored by measuring the absorbance at 280 nm (blue, protein) and 490 
nm (magenta, dye). Elution volumes are inversely proportional to the MW of the protein-PEG conjugate. 
Shaded areas represent the collected fractions corresponding to labelled rhDNase (A) and labelled mono-
PEGylated proteins (B-D).  

 

 
Figure S3. Size exclusion chromatography of VT750-rhDNase (a) and VT750-PEG30-rhDNase (b) using 
HiLoad Superdex 200 pg column. Labelled proteins were eluted with 150 mM NaCl and 1 mM CaCl2 at 1 
mL/min. Elution was monitored by measuring the absorbance at 280 nm (blue) and 700 nm (magenta). The 
retention times are 80.0 ml for VT750-rhDNase, 53.6 ml for VT750-PEG30-rhDNase, and around 118 ml 
for the unreacted dye (VT750). 
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Figure S4. Calibration curves of VT750-rhDNase and VT750-PEG30-rhDNase in phosphate buffered 
saline (PBS). A) Calibration curves on a 96-well dark plate were imaged by IVIS (745/800 nm); Five serial 
2-fold dilutions (in duplicates) of VT750-rhDNase and VT750-PEG30-rhDNase in PBS (100 µl). blk, blank. 
B) Calibration curves based on the quantification of the ROIs in A after subtraction of the blank. Data 
indicate identical fluorescence signals for VT750-rhDNase and VT750-PEG30-rhDNase across the tested 
concentration. 



 

 

 

 

Figure S5. Fate of rhDNase, PEGylated rhDNase, and PEG30 in mouse lungs after intratracheal instillation by confocal imaging. One nmol of A488-rhDNase, 
A488-PEG20-rhDNase, A488-PEG30-rhDNase, A488-PEG40-rhDNase, or rhodamine-PEG30 were administered by intratracheal instillation.  Lung slices were 
stained with MitoTracker® (Red CMXRos or MitoTracker® Deep Red FM) for tissue and either Draq5™ or Hoechst 33342 for nuclei. Sections were imaged within 
an hour of staining with Cell Observer Spinning Disk (COSD, Zeiss, Germany) and recorded in all channels.  For ease of visualisation, all compounds were coloured 
in green, tissue in red, and nuclei in blue. Due to the weak signal, images at day 15 show only the compounds. Each experimental condition was repeated at least twice. 
Images were processed in ImageJ (1.47v, NIH, USA). Scale bars, 50 µm. 
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Figure S6. Confocal images of lung and trachea sections. Sections were stained with MitoTracker® (Red 
CMXRos or MitoTracker® Deep Red FM) for the tissue and either Draq5™ or Hoechst 33342 for the 
nuclei. A) Image mounting of negative and positive control of lung sections; Negative control consisted of 
a lung section with no instillation; Positive control represents a lung section on which Alexa488-rhDNase 
was added after cutting. B) Images of trachea and lung sections 4 h after instillation of 2 nmol of rhodamine 
B (presented in green pseudocolour). No signal could be detected in trachea or lung slices after 4 h of 
instillation. Images were acquired with Cell Observer Spinning Disk (COSD, Zeiss, Germany) and 
processed in ImageJ (1.47v, NIH, USA). 
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Figure S7. Confocal imaging of rhDNase, PEG20-rhDNase, PEG30-rhDNase, and PEG40-rhDNase in 
mouse lungs at 96 h. One nmol of Alexa488-rhDNase, Alexa488-PEG20-rhDNase, Alexa488-PEG30-
rhDNase or Alexa488-PEG40-rhDNase was administered by intratracheal instillation. Mice were sacrificed 
at 96 h post-instillation and the lungs were sliced and stained with MitoTracker® for tissue and Draq5™ 
for nuclei. Sections were imaged with Cell Observer Spinning Disk (COSD, Zeiss, Germany). Compounds 
were pseudocoloured in green, tissue in red, and nuclei in blue. Images were processed by ImageJ software 
(1.47v, NIH, USA). Scale bars, 100 μm. 
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STABILITY OF RHDNASE AND PEG30-RHDNASE IN CONTACT WITH BAL 

To see whether PEGylation protects rhDNase form degradation and aggregation within the lungs, 

the stability of the enzyme was assessed in bronchoalveolar lavage fluids (BALs) of mice. Calcium 

is crucial for the activity and stability of the rhDNase; therefore, the stability tests were performed 

in the presence and absence of calcium [1]. Of note, commercial rhDNase formulation 

(Pulmozyme ®) contains 1 mM of Ca+2.Reported concentrations of Ca+2 in CF sputa ranges from 

1.1 to 3 mM [2-4].  

BALs (with and without calcium), were then spiked with NHS-rhodamine labelled rhDNase or 

PEG30-rhDNase at a final concentration of 2.7 µM (corresponding to 100 µg/ml of rhDNase) in 

sealed 1.5 ml Eppendorf® microtubes and incubated in a humid chamber at 37 °C for 0 h, 8 h, 24 

h, 48 h, 4 days, and 7days. BALs were then stored at -20 °C. The enzymatic activity of BALs was 

assessed by methyl green assay. For this, BALs were diluted to a nominal concentration of 5.4 nM 

of rhDNase or PEG30-rhDNase (equivalent to 200 ng/ml of rhDNase) on 96 well plate followed 

by serial 2-fold dilutions. 100 µl of DNA-MG substrate were added to all wells, and the assay 

proceeded as described above. 

Assessment of soluble aggregates. BALs without added calcium were analysed by SEC. For this, BALs 

were centrifuged at 10,000 g for 10 min then the supernatants were injected into a superpose TM 6 

increase 10/300 GL column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Elution was 

monitored at 280 nm for proteins and 555 nm for free rhodamine or rhodamine-labelled fragments.  

Results 

No loss of activity was noticed for both rhDNase and PEG30-rhDNase in the presence of 1 mM 

calcium ions (Erreur ! Source du renvoi introuvable. A and D). However, in the absence of 

calcium, there was a progressive loss of activity. The loss of activity was slightly faster for rhDNase 

compared with PEG30-rhDNase (Figure S8 B, E, and G). The same trends were registered in 

HBSS in the absence of calcium (Figure S8 B, C, F and G). This could be attributed to the presence 

of small amounts of calcium in the normal BAL (was not measured).  
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Figure S8. Stability of rhDNase and PEG30-rhDNase in bronchoalveolar lavage (BAL). BALs (250 µg/ml 
of proteins) were spiked with either rhDNase (A-C) or PEG30-rhDNase (D-F) at a final concentration of 
2.7 µM (corresponding to 100 µg/ml of rhDNase) in the presence (A, D) or absence of 1 mM of CaCl2 (B, 
C, and E-G). BALs were incubated at 37 °C in humid conditions up to 7days. G) Detailed comparison of 
the enzymatic activity of rhDNase and PEG30-rhDNase in the absence of added calcium at each time point 
by methyl green assay (reproduced from B and E). For the methyl green assay, BALs were diluted to a 
nominal concentration of 5.4 nM of rhDNase or PEG30-rhDNase then serial 2-fold dilutions of each 
sample were incubated for 6 h at 37 °C with DNA-methyl green substrate. The absorbance was read at 620 
nm. Data are expressed as mean ± SEM (n = 3). Significant differences in (G) are indicated by ** p < 0.01, 
or *** p < 0.001 (two-way ANOVA followed by Sidak posttest). 
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Assessment of soluble aggregates in contact with BAL without added calcium ions. 

Only BALs without added calcium showed a loss of activity over time; therefore, they were 

analysed by SEC to assess the degradation and aggregation of rhDNase and PEG30-rhDNase. 

Figure S9 shows the presence of soluble aggregates at 24 h. At 96 h, no soluble aggregates were 

detected in the case of rhDNase, but not PEG30-rhDNase. The presence of small amounts of 

intact PEG30-rhDNase at 96 h is no clear. 

 

Figure S9. Assessment of soluble aggregates of rhDNase (A) and PEG30-rhDNase (B) in bronchoalveolar 
lavage (BAL) without Ca+2. BAL fluid (250 µg/ml of protein content) were spiked with rhodamine-labelled 
rhDNase or PEG30-rhDNase at a final concentration of 1.35 µM (50 µg/ml of rhDNase). BALs were then 
incubated at 37 °C in a humid chamber up to 96 h. BALs were sampled at 0, 24, 48, and 96 h, centrifuged 
at 10,000 g for 10 min to eliminate insoluble aggregates then analysed by size exclusion chromatography 
(SEC) using superpose TM 6 increase 10/300 GL column (GE Healthcare Bio-Sciences AB, Uppsala, 
Sweden). Elution was monitored at 280 nm (blue) and 555 nm (red). Chromatograms show the presence of 
soluble aggregates (grey arrows, eluted before the protein) and free dye (empty arrows, eluted after the 
protein) along with the labelled proteins (black arrows).  
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Figure S10. Representative images for in vivo NIRF imaging in mice after intratracheal instillation of 2 nmol 
of VT750. Blank mice did not receive any compound. Mice (n = 3) were imaged by IVIS spectrum in 2D 
epifluorescence mode at 745/800 nm (ex/em).  

 

Figure S11. Ex vivo organ imaging 24 h post pulmonary delivery. 24 h after intratracheal instillation of 
VT750-rhDNase, VT750-PEG30-rhDNase, or VT750, mice were sacrificed, and organs were collected for 
quantification by IVIS at 745/800 nm (ex/em). A) Lung (LG), liver (LV), stomach (S), small intestine (SI), 
large intestine (LI), and caecum (C). B) Heart (H), kidneys (K), spleen (SP), and bladder (B). Each rectangular 
groups organs from the same mouse. Note that organ position varies slightly in panel A for VT750-rhDNase 
in the left and middle rectangle (SI and S are inverted). 



CHAPTER II - BIODISTRIBUTION AND ELIMINATION PATHWAYS OF PEGYLATED RHDNASE  

108 

 

Figure S12. Ex vivo organ distribution 24 h after intratracheal instillation of 2 nmol of VT750-rhDNase (A) 
VT750-PEG30-rhDNase (B), VT750 (C) or no instillation (D) mice were sacrificed and blood and organs 
were collected for quantification by IVIS at 745/800 nm (ex/em). Bars represent the total fluorescent signal 
of each organ by IVIS Spectrum (n = 3). Significant differences are indicated by *** p < 0.001 (one-way 
ANOVA followed with Tukey's post hoc test). 
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Figure S13. Fluorescence signal in the stool material of mice after intratracheal instillation of VT750-
rhDNase, VT750-PEG30-rhDNase or VT750. Mice of each group were housed separately. The bedding of 
each group was collected and replaced with a new one before instillation (t = 0), at 12 h (0-12 h) and 24 h 
(12-24 h) after instillation. Faecal pellets were separated, weighed, and imaged by IVIS Spectrum (745/800 
nm) (A) Quantification results are presented in (B). 
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Figure S14. Biodistribution in the gastrointestinal tract (GI tract) after pulmonary delivery. 24 h after 
intratracheal instillation of 2 nmol of VT750-rhDNase, VT750-PEG30-rhDNase, or VT750 mice were 
sacrificed and stomach, small intestine, caecum, and large intestine were collected for quantification by IVIS 
(745/800 nm). Bars represent the fluorescent signal in each organ (n = 3). Significant differences are 
indicated by * p < 0.05 or ** p < 0.01 (one-way ANOVA followed with Tukey's post hoc test).  

 

 

Figure S15. Blood samples image by IVIS (745/800 nm) after intratracheal instillation of 2 nmol of VT750-
rhDNase, VT750-PEG30-rhDNase, or VT750 (dye).  
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Figure S16. SDS-PAGE of urines from VT750-PEG30-rhDNase mice group. Mice received 2 nmol of 
VT750-PEG30-rhDNase by intratracheal instillation then the urine was collected 24 h. 15 µl of urine was 
mixed with at 5 µl loading buffer (4x Laemmli Sample Buffer, BioRad, Belgium) then loaded on the gel (4–
20% Mini-PROTEAN® TGX™ Precast Protein Gels, BioRad, Belgium). The gel was run for 60 min at 
120 V then imaged by IVIS Spectrum (745/800 nm ex/em). Lane 1, Control loaded with VT750-rhDNase 
(~10 ng), VT750-PEG30-rhDNase, and VT750; Lanes 2 and 3 urine from two different mice; arrows point 
to degradation fragments. Scale in radiant efficiency ([p/s/cm²/sr] / [µW/cm²]).  
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Figure S17. Ex vivo analysis of liver and kidneys homogenates. SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) for liver (A) and kidneys (B) homogenates 24 h post instillation of 2 
nmol VT750-rhDNase, VT750-PEG30-rhDNase or VT750. A) 15 µl of tissue homogenates from different 
mice (n = 3) were mixed with 5 µl of loading buffer (4x Laemmli Sample Buffer, BioRad, Belgium) then the 
mixture was loaded on the gel (4–20% Mini-PROTEAN® TGX™ Precast Protein Gels, BioRad, Belgium). 
The gel was run at 120 V for 60 min then imaged by IVIS Spectrum (745/800 nm). Ctr. Control lane loaded 
with VT750-rhDNase (~40ng), VT750-PEG30-rhDNase and VT750. Scale in radiant efficiency 
([p/s/cm²/sr] / [µW/cm²]). C) Enzymatic activity of liver homogenates on DNA-MG substrate. Data 
represent mean ± SEM (n = 3).  
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CHAPTER III 

IMPACT OF THE PEGYLATION OF RHDNASE ON ITS TRANSPORT 

ACROSS LUNG EPITHELIAL CELLS, UPTAKE BY MACROPHAGES, 

AND INTERACTION WITH THE RESPIRATORY MUCUS 

 

 

Adapted from 

Mahri, S., Hardy, E., Wilms, T., De Keersmaecker, H., Braeckmans, K., De Smedt, S., Bosquillon, C., 
Vanbever, R. PEGylation of recombinant human deoxyribonuclease I deceases its uptake by macrophages 

and transport across lung epithelial cells (submitted).
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ABSTRACT 

Conjugation to high molecular weight (MW) polyethylene glycol (PEG) was previously shown to 

largely prolong the lung residence time of recombinant human deoxyribonuclease I (rhDNase) and 

improve its therapeutic efficacy following pulmonary delivery in mice. In this paper, we investigated 

the mechanisms promoting the extended lung retention of PEG-rhDNase conjugates cell culture 

models and lung biological media. Uptake by alveolar macrophages was also assessed in vivo. 

Transport experiments showed that PEGylation reduced the uptake and transport of rhDNase 

across monolayers of Calu-3 cells cultured at an air-liquid interface. PEGylation also decreased the 

uptake of rhDNase by macrophages in vitro whatever the PEG size as well as in vivo 4 h following 

intratracheal instillation in mice. However, the reverse was observed at 24 h. The uptake of 

rhDNase by macrophages was dependent on energy, time, and concentration and occurred at rates 

indicative of adsorptive endocytosis. The diffusion of PEGylated rhDNase in porcine tracheal 

mucus and cystic fibrosis sputa was slower compared with that of rhDNase. Nevertheless, no 

significant binding of PEGylated rhDNase to both media was observed. In conclusion, decreased 

transport across lung epithelial cells and uptake by macrophages appear to contribute to the longer 

retention of PEGylated rhDNase in the lungs. 

KEYWORDS 

Recombinant human deoxyribonuclease I, PEGylation, pulmonary delivery, alveolar macrophages, 
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I. INTRODUCTION 

Since the emergence of recombinant human insulin in the early 1980s, the number of therapeutic 

proteins never ceased to grow to our days to become a therapeutic class on their own [1, 2]. 

Currently, the number of approved products with distinct active protein ingredients exceeds a 

couple of hundred products, and many more are in clinical trials [3].  

Despite this success, therapeutic proteins face several challenges, including instability, short half-

life, immunogenicity, and low penetration through biological barriers [4, 5]. Several of these 

drawbacks could be overcome by conjugation to natural or synthetic polymers [4]. PEGylation, 

defined as the covalent coupling to polyethylene glycol (PEG) chain, is the prevailing protein 

modification strategy with the most clinical success so far. As per early 2020, over 15 PEGylated 

proteins have been approved by the FDA [6, 7]. All of them are administered by injection and none 

by other routes of drug administration.  

Therapeutic proteins present an attractive opportunity for the treatment of respiratory diseases 

such as asthma, cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD), alpha-1 

antitrypsin deficiency, and lung cancers [8]. Local delivery to the lungs allows i) achieving higher 

concentrations of the protein to the target, ii) promoting a rapid clinical response, and iii) 

administering only fractions of the doses otherwise given by parenteral routes; therefore, iv) 

mitigating the risk of systemic side effects [9, 10].  

The lack of marketed PEGylated proteins for pulmonary delivery reflects the paucity of approved 

proteins for the inhalation route in the first place. The only approved inhaled protein for local lung 

delivery is the mucolytic recombinant human DNase I (rhDNase, Pulmozyme®) for the 

symptomatic management of CF [7]. Because of its rapid clearance from the lungs, rhDNase is 

administered once or twice a day by nebulisation [11]. The nebulisation time of 3 to 10 min and 

the daily burden of multiple drugs taken by inhalation often limit adherence of patients with CF to 

their treatment. Therefore, extending the residence time of rhDNase in the lungs would be 

beneficial to those patients [11]. To our knowledge, PEGylation is the only protein conjugation 

strategy in the literature with tangible benefits in extending the half-life of proteins in the lungs 

after pulmonary delivery. Previous works have established the extended retention of PEGylated 

proteins in the lungs after pulmonary administration in small animals [7, 12-16]. The larger the 

PEG, the longer the retention [7]. Most markedly, the residence time of PEGylated rhDNase in 

murine lungs after intratracheal instillation was extended to over 15 days with PEGs of 30 kDa and 

40 kDa compared with less than 24 h for native rhDNase [7]. Reduced systemic absorption, 
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mucoadhesion, decreased uptake by respiratory cells, and protection against degradation in the 

lungs are the main mechanisms evoked to explain the longer retention of PEGylated proteins [17].  

The absorption of proteins by the lungs is influenced, to a great extent, by their molecular size and 

nature, and the bioavailability does not exceed, in general, 5% for large proteins (molecular weight, 

MW ≥ 40 kDa)  [18-20]. PEGylation has been shown to reduce the systemic absorption of 

recombinant human granulocyte-colony stimulating factor (rhGCSF, 18 kDa), IFNα2b (19 kDa), 

and recently rhDNase following pulmonary delivery in small animals [16, 21, 22]. The same trend 

has also been shown in vitro in Calu-3 human lung epithelial cells for PEGylated anti-IL-13 and 

anti-IL-17A (~ 47 kDa) [14].   

A wide range of proteins has also been shown to be captured by alveolar macrophages following 

pulmonary delivery in different species [23]. This uptake was shown to affect large proteins more 

efficiently than small proteins and peptides purportedly due to the longer presence of the formers 

within the airspaces [24]. Uptake of PEG and PEGylated proteins by alveolar macrophages in vivo 

has also been demonstrated previously [7, 12, 16, 25, 26]. 

PEGylation with large MW has been reported to confer mucoadhesion properties to antibody 

fragments (Fab’) [12, 14]. Strong adhesion to mucus hinders the diffusion and penetration of 

proteins through the mucus which could lead to a fast elimination in the upper airways where the 

mucociliary clearance is fast [12, 27, 28]. On the other hand, adhesion to mucus could be 

advantageous for extending the local retention of proteins in the distal airways and alveolar region 

where the mucociliary escalator is less efficient [12].  

The purpose of this work was to investigate the impact of PEGylation of rhDNase on its transport 

across lung epithelial cells, uptake by macrophages, and interaction with respiratory mucus. We 

hypothesised that PEGylation of rhDNase would i) decrease its transport across epithelial cells, ii) 

reduce its uptake by macrophages, and iii) hinder its diffusion in respiratory mucus, thus, 

contributing to the longer retention of rhDNase in lung airspaces. Calu-3 cells, cultured at the air-

liquid interface (ALI), were used as a model to study the uptake and transport of rhDNase and 

PEG30-rhDNase across lung epithelia. The uptake by macrophages was assessed for rhDNase and 

its conjugates with PEGs of 20 kDa, 30 kDa, and 40 kDa in mice and in vitro on two murine 

macrophage-like cell lines, interstitial J774 macrophages and alveolar MHS macrophages. 

Mechanistic studies were further conducted to elucidate the pathway of endocytosis. Finally, the 

interaction of native and PEGylated rhDNase with tracheal mucus and CF sputa was assessed by 

fluorescence recovery after photobleaching (FRAP). 
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II. MATERIALS AND METHODS 

 MATERIALS 

Commercial recombinant human deoxyribonuclease I (rhDNase, Pulmozyme®) was obtained 

from Genentech, Inc. (South San Francisco, CA, USA). Linear methoxy PEG propionaldehyde of 

20 kDa and 30 kDa and two-arm methoxy PEG propionaldehyde of 40 kDa (PEG20, PEG30, and 

PEG40 respectively) were obtained from NOF Corporation (Tokyo, Japan). NHS-Rhodamine was 

purchased from Thermo Fisher Scientific (Gent, Belgium). Rhodamine-PEG30 was purchased 

form Creative PEGWorks (Winston Salem, NC, USA). L-lactate dehydrogenase (LDH) from 

rabbit muscle, rhodamine B isothiocyanate–Dextran of average MW 70 kDa (D70), albumin from 

human serum (96-99%), and Fluorescein isothiocyanate–dextran of average MW 40 kDa and 70 

kDa (FD40 and FD70 respectively) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 4-

(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Trypan Blue Solution (0.4%), RPMI-

1640 medium, Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM- F12), 

and cell culture supplements were obtained from Gibco (Life Technologies, Gent, Belgium). FITC 

(5/6-fluorescein isothiocyanate) mixed isomer was obtained from Thermofisher (Gent, Belgium). 

RIPA lysis buffer was purchased from Abcam (Cambridge, UK). Resource Q 1 mL and HiLoad 

16/60 superdex 200 columns were obtained from GE Healthcare (Bio-Sciences AB, Uppsala, 

Sweden). Unless otherwise mentioned, other chemicals were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). 

 PEGYLATION OF RHDNASE 

rhDNase was conjugated with PEG20 kDa, PEG30 kDa, and PEG40 kDa to obtain PEG20-

rhDNase, PEG30-rhDNase, and PEG40-rhDNase, respectively. The PEGylation was performed 

by reductive amination, as previously reported [7, 11]. Briefly, commercial rhDNase (Pulmozyme®, 

Genentech, Inc. CA, USA) was concentrated to 5-10 mg/ml in 1 mM CaCl2, 100 mM CH3CO2Na 

(sodium acetate buffer, pH 5) then added to PEG propionaldehyde at a molar ratio PEG: rhDNase 

of 4:1 in the presence of 34 mM NaBH3CN (cyanoborohydride, reducing agent). The reaction 

mixtures were stirred at room temperature overnight. The mono-PEGylated products were 

purified by anion exchange chromatography on a Resource Q, 1 mL column with ÄKTA™ purifier 

10 system then by size exclusion chromatography (SC) on HiLoad 16/60 superdex 200 column 

(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). rhDNase and PEGylated rhDNase products 

were filtered through 0.22 μm PVDF membranes and stored at 4 °C in 150 mM NaCl, 1 mM CaCl2 

as the marketed rhDNase. 
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 FLUORESCENT LABELLING OF PROTEINS 

NHS-Rhodamine was used for labelling rhDNase, PEGylated rhDNases, albumin, and LDH. To 

this end, rhDNase or PEG-rhDNase products were exchanged against phosphate buffer saline 

(PBS, pH 7.4), 1 mM CaCl2, by ultrafiltration using Vivaspin® Turbo 4, 3 kDa (Sartorius; 

Stonehouse, Gloucestershire, UK). NHS-Rhodamine dye at 10 mg/ml in DMSO was added to 

protein solutions at a molar ratio dye: protein of 10:1 and the reaction mixtures were kept at room 

temperature in the dark under constant stirring for 1 hour. The mixtures were ridded of the excess 

unreacted dye by dialysis against 1 mM CaCl2, 150 mM NaCl (Spectra/Por molecular porous 

membrane tubing MWCO 6–8 kD, Spectrum). Labelled proteins were further purified by SEC on 

HiLoad Superdex 200 pg column using 1 mM CaCl2, 150 mM NaCl as eluent, concentrated by 

ultrafiltration (Vivaspin® Turbo 15, 5 kDa MWCO), filtered through 0.22 μm PVDF membranes, 

and stored at 4 °C in 1 mM CaCl2, 150 mM NaCl ( 

Figure S1 and Figure S2). The same degree of labelling (DOL) of one dye molecule per protein 

molecule was achieved for rhDNase and PEG-rhDNase products. No detectable levels of 

lipopolysaccharide (LPS) were found in stock solutions of native and PEGylated rhDNase used 

for the in vivo experiment (Figure S3). The same labelling procedure was used for albumin and LDH 

using PBS instead of CaCl2, NaCl in all steps.  

 TRANSPORT ACROSS EPITHELIAL CELLS  

 Culture of Calu-3  

Calu-3, lung adenocarcinoma epithelial cells, were purchased from the American Type Culture 

Collection (Rockville, MD, USA) and used between passage 32 and 37. Cells were maintained in 

Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM- F12) supplemented 

with 10% v/v of FBS and 1% v/v of Penicillin-Streptomycin. The cell cultures were maintained at 

37 °C in a humidified atmosphere of 5% CO2 with medium changes every other day and passaging 

at ~ 80% confluency.   

 Culture of Calu-3 on Air-Liquid Interface (ALI) 

Calu-3 cells were seeded at a density of 1 x 105 cell/cm2 on Transwell® inserts (PET, 1.12 cm2, 0.4 

μm pore size; Corning Life Sciences, MA, USA). Two to four days later, cells were raised to ALI 

by removing the medium from both apical and basolateral sides of the Transwell® inserts and only 

replacing the latter with fresh medium (500 µl). The medium on the basolateral side was changed 
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every other day thereafter until the day of the experiment. Mucus was removed once a week by 

gentle washing by Hank’s Balanced Salt Solution (HBSS). Transepithelial electrical resistance 

(TEER) measurements were performed using EVOM meter with chopstick electrodes (World 

Precision Instruments, Stevenage, UK). For this, cells were equilibrated in HBSS by adding 500 µl 

in the apical side and 1500 µl in the basolateral side. The monolayer integrity was confirmed by 

TEER values ≥ 450 Ω.cm2.  

 Transport across Calu-3 cell monolayer 

On the experiment day, TEER measurements were taken, and the basolateral side was changed 

with 500 µl of fresh medium. 5 µl containing 270 picomols of rhDNase (10 µg), PEG30-rhDNase, 

D70, or PEG30 in 1 mM CaCl2, 150 mM NaCl was applied directly on the apical side of Calu-3 

cells. Transwell® inserts were then incubated at 37 °C and 5% CO2 without shaking. Zero, 2, 4, 8, 

12, and 24 h post-exposure, 100 µl of the medium was sampled from the basolateral side of each 

Transwell® insert and replaced by 100 µl of fresh medium. At 24 h, the basolateral medium was 

recovered, and the apical side was gently washed with HBSS (2 x 500 µl). TEER was measured 

again as described above. All cell layers maintained a TEER ≥ 450 Ω.cm2. Finally, cells were 

detached with trypsin, washed, and each cell sample was divided into two parts. One half was 

analysed by flow cytometry (LSR Fortessa, BD Biosciences, San Jose, USA) using 561 nm (yellow-

green laser) with at least 10,000 events recorded for each sample. The other half was lysed by adding 

100 µl RIPA lysis buffer, centrifuged for 10 min at 14,000 g at 4 °C and the supernatants were 

stored at -20 °C. 

The concentrations of compounds in the apical side, basolateral side, or cell layers were measured 

by fluorescence spectrometry at 555/580 nm (ex/em) in black 384 well plates (Greiner Bio-One 

GmbH, Frickenhausen, Germany) against the corresponding calibration curves in the appropriate 

media (HBSS, medium, or RIPA for apical side, basolateral side, and cell layer, respectively). The 

cumulative quantities for compounds in the basolateral side were reported as a percentage of the 

initial dose (270 picomols), taking into account the amounts removed from the system during 

sampling. Quantities in the cell layer were expressed in picomol per mg of cell protein content. 

Protein content was determined by Pierce™ BCA Protein Assay Kit (Thermo Scientific™ 

Pierce™, Gent, Belgium). 
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 Activity of rhDNase and PEG30-rhDNase in apical and basolateral side by methyl 

green assay 

The activity of rhDNase and PEG30-rhDNase in the apical and basolateral sides of the Transwell® 

inserts was assessed using methyl green (MG) assay described elsewhere [11, 29]. Briefly, the 

hydrolysis of the DNA-methyl green substrate (DNA-MG) by deoxyribonuclease releases free MG 

in solution, the colour of this latter fades out to colourless with time leading to a decreased optical 

density (OD) at 620 nm. Samples from the basolateral side at 4 h and 24 h were initially diluted 

threefold then 50 µl was placed on the first column of a 96-well plate with controls of rhDNase 

and PEG30-rhDNase of known concentrations (16.2 nM, equivalent to 600 ng/ml of rhDNase). 

Samples and controls underwent further 2-fold serial dilutions on the 96-well plate then 50 µl of 

DNA-MG solution was added to all wells. Plates were sealed and incubated in a humid chamber 

at 37 °C for 24 h. At the end of the incubation time, the OD was measured at 620 nm by 

SpectraMax i3 (Molecular Devices, CA, USA).  

Samples from the apical side were diluted to a nominal concentration of 5.4 nM (equivalent to 200 

ng/ml of rhDNase) then analysed by MG assay. For this, 100 µl of diluted samples were incubated 

with 100 µl of DNA-MG solution for 6 h along with controls of rhDNase and PEG30-rhDNase 

of known concentrations. 

 Uptake by Calu-3 cells in immersion 

Calu-3 cells were seeded in 24-well plates at a cell density of 2 x 105 cell/well and incubated at 37 °C 

and 5% CO2 until near-confluence. Cells were then exposed to 162 nM of rhDNase (6 µg/ml), 

PEG30-rhDnase, D70, or PEG30 for 24 h. After 24 h exposure, the cells were washed by DPBS 

(6 x 1 ml), detached, and analysed by flow cytometry as described above.  

 IN VIVO UPTAKE BY ALVEOLAR MACROPHAGES 

 Animals  

All experimental protocols were approved by the Institutional Animal Care and Use Committee of 

the Université Catholique de Louvain (Permit number 2016/UCL/MD/019). 6-week Female 

RjOrl SWISS mice (Elevage Janvier, Le Genest-St-Isle, France) were kept under conventional 

housing conditions and were allowed at least one week of acclimation before being used for 

experimentation between 7 and 8 weeks of age.  
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 Intratracheal instillation  

One nmol of rhodamine-labelled LPS-free rhDNase (37 µg), PEG20-rhDNase (57 µg), PEG30-

rhDNase (67 µg), or PEG40-rhDNase (77 µg) were administered to mice by intratracheal 

instillation. Control mice received the vehicle solution (1 mM CaCl2, 150 mM NaCl). For 

instillation, mice were anaesthetised by intraperitoneal injection of ketamine/xylazine (90/10 

mg/kg) then held in a supine position by surgical tape on an inclined board (~ 45°). Mice were 

then intubated with 20G catheter (VWR International BVBA, Leuven, Belgium) using a small 

laryngoscope (Penn-CenturyTM– Model LS-2, Philadelphia, USA). 25 ± 2 μl of compounds 

(containing 1 nmol of protein) or control were administered intratracheally into the lungs using a 

precision syringe (100 µl, Model 710, Hamilton, Bonaduz, Switzerland) followed by an air bolus of 

200 μl (1 ml syringe, HSW SOFT-JECT®, VWR International BVBA, Leuven, Belgium). 

Immediately after instillation, mice were placed in an upright position for 20-30 seconds before 

being transferred back to their cage. 

 BAL collection and flow cytometry  

4 or 24 h post-delivery, mice were euthanised by cervical dislocation, and bronchoalveolar lavage 

fluid (BAL) was collected (4 x 1 ml) using 0.1 mM EDTA-DPBS (Dulbecco’s phosphate-buffered 

saline, no Ca+2 or Mg+2). BALs were centrifuged at 300 g for 5 min; then, 500 µl of Ammonium-

Chloride-Potassium lysing buffer (ACK Lysing Buffer, Gibco™, Life Technologies, Gent, 

Belgium) was added to cell pellets to lyse red blood cells. BALs were then centrifuged again (300 g 

for 5 min). Finally, the cellular fractions were resuspended in 500 µl PBA (DPBS supplemented 

with 1% bovine serum albumin, BSA). Cell viability was assessed on a small subset and cells were 

counted using the trypan blue exclusion test on TC20™ Automated Cell Counter (Bio-Rad, 

Hercules, CA, USA). The remaining cells were incubated at 4 °C for 30 min with Allophycocyanin 

(APC) anti-mouse F4/80 antibody (1 µg per 2 million cells/ml; Biolegend, Germany) to mark 

alveolar macrophages. After incubation, cells were analysed by the flow cytometer LSR Fortessa 

(BD Biosciences, San Jose, USA) using 561 nm (yellow-green laser) and 639 nm (red laser). 10,000 

events (cells positive to F4/80) per sample were recorded.  Data were analysed with FlowJo 

software (TreeStar, Ashland, OR, USA). 
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 IN VITRO UPTAKE BY MACROPHAGES  

 Cell culture of J774 and MHS 

Murine macrophage-like J774A.1 (ATCC® TIB67™) and murine alveolar macrophages MHS 

(ATCC® CRL-2019™) were maintained at 37 °C and 5% CO2 in RPMI-1640 medium [L-

Glutamine]. For J774 cells, the medium was supplemented with 10% heat-inactivated Foetal 

Bovine Serum (FBS) and 100 U/ml Penicillin/Streptomycin. For MHS, the medium was 

supplemented with 10% FBS and 2-mercaptoethanol at a final concentration of 0.05 mM. Cells 

were subcultured every 2-3 days and used at passage numbers between 12 and 20. Unless otherwise 

mentioned, MHS and J774 cells were seeded in 24-well plates at a cell density of 105 cells/well and 

incubated overnight at 37 °C and 5% CO2 before exposure to test compounds or controls. 

 Effect of PEGylation and PEG size on uptake by macrophages  

MHS and J774 cells were exposed to 500 µl of 162 nM of rhDNase (6 µg/ml), PEG20-rhDNase, 

PEG30-rhDNase, or PEG40-rhDNase for 4 h. The negative control consisted of untreated cells. 

After incubation, the supernatants were discarded, and cells were washed (6 x 1 ml) with DPBS, 

detached by adding 150 μl of 0.25% trypsin-EDTA solution, centrifuged at 300 g for 5 min. Cell 

pellets were resuspended in PBA (DPBS, 1% BSA) for flow cytometry analysis. 5,000 to 10,000 

events were recorded for each condition on LSR Fortessa using 561 nm (yellow-green laser). Data 

were analysed with FlowJo software (TreeStar, Ashland, OR, USA). 

 Characterisation of endocytosis pathway 

Effect of temperature. MHS and J774 were exposed to 162 nM (500 µl) of rhDNase or PEG30-

rhDNase for 30 min either at 4 °C or 37 °C and 5% CO2. Time was kept short (30 min) to avoid 

potential cell damage due to long time exposure to low temperatures. For plates incubated at 4 °C, 

test compounds were prepared in pre-cooled media and cells were washed with chilled DPBS (3 x 

1 ml) immediately before exposure. After incubation cells were then detached for flow cytometry 

analysis as described above.  

Time-dependent uptake. J774 were exposed to 162 nM (500 µl) of rhDNase or PEG30-rhDNase 

then incubated at 37 °C and 5% CO2 for 30 min,1 ,2 ,4 , or 6 h. After the incubation time, cells 

were harvested and analysed by flow cytometry as described above.  

Concentration-dependent uptake. MHS were seeded at 2 x 105 cell/well in 24 well-plate; next 

day, cells were exposed for 2 h to increasing concentrations (0.46-30 μM) of rhDNase, human 
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albumin, or D70 prepared in FBS-free cell culture medium. The incubation time was kept relatively 

short (2 h) to limit potential cell damage incurred by the lack of FBS in the medium. Cells were 

then washed with DPBS (6 x 1 ml) then lysed by adding 200 µl of chilled RIPA lysis buffer. Plates 

were shaken for 10 minutes. The lysates were collected in 1.5 mL Eppendorf® tubes and 

centrifuged for 10 min at 14,000 g at 4 °C and supernatants were stored at -20 °C. The 

concentrations of compounds in the supernatants were determined by measuring the fluorescence 

at 555/580 nm (ex/em) (SpectraMax i3, Molecular Devices, CA, USA) against the corresponding 

calibration curve in RIPA lysis buffer. The uptake was reported in picomol of compound per mg 

of total protein content. Total protein content in the supernatants was measured by Pierce™ BCA 

Protein Assay Kit. Of note, the normal culture medium is spiked with 10% FBS and therefore 

abound in albumin; the estimated concentration of albumin in the culture medium is around 1.4 

mg/ml, which does not differ a lot from the highest concentration of albumin in our experiments 

of 2 mg/ml (30 µM, albumin MW 65 kDa). 

Rate of uptake is expressed in µl/mg/h. It was calculated as the slope of uptake vs concentration / 

exposure time (2h). Only the linear range of the slope of uptake vs concentration (0-15 µM) was 

considered 

Markers of endocytosis. The uptake of rhDNase, PEG30-rhDNase, and PEG30 was compared 

with controls of fluid phase and adsorptive endocytosis, D70 and LDH, respectively [30, 31]. MHS 

and J774 cells were exposed to 162 nM (500 µl) of rhDNase, PEG30-rhDNase, or controls for 4 

h at 37 °C and 5% CO2 then cells were harvested and analysed by flow cytometry as described 

above. 

Possible artefacts due to the adsorption of rhDNase and PEG30-rhDNases on cells were avoided 

by washing the cells with 1 ml of DPBS 3, 6, or 9 times. The washing did not have a significant 

impact on the uptake of rhDNase and PEG30-rhDNase by macrophages (Figure S4). 

 DIFFUSION OF PROTEINS AND DEXTRAN IN PORCINE MUCUS AND CF SPUTA 

 Collection of mucus and CF sputa  

Mucus was collected from the tracheas of healthy pigs obtained from a local abattoir according to 

the procedure previously described [32, 33]. Briefly, tracheas pieces (10 - 15 cm) were cut 

longitudinally, and the inner walls were cleaned from contaminating blood and dirt then scraped 

gently by a spatula to collect mucus. Mucus from several tracheas was pooled in Eppendorf tubes 

then diluted 1:3 in 150 mM NaCl, stirred at 4 °C for 30 minutes and centrifuged at 14, 000 g at 
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4 °C for 15 minutes. The supernatant was then discarded, and the clean mucus was stored at -80 °C 

until needed. Sputa from CF patients were collected by expectoration during physiotherapy and 

stored at -80 °C (approved by the Ethics Committee of the Université Catholique de Louvain 

[UCL]; registration number: B403201422928). 

 Protein labelling  

FITC (5/6-fluorescein isothiocyanate) was used for labelling rhDNase, PEG20-rhDNase, PEG30-

rhDNase, and PEG40-rhDNase. The labelling reaction was performed in a solution of 1 mM CaCl2 

in PBS (pH adjusted to 8.5). All other steps were carried out as described for NHS-rhodamine 

labelling.  

 Fluorescence recovery after photobleaching (FRAP) 

FRAP was used to measure the diffusion of FITC-labelled proteins (rhDNase, PEG20-rhDNase, 

PEG30-rhDNase, and PEG40-rhDNase) or dextrans (FD40 and FD70) in porcine mucus. FITC-

labelled proteins or dextrans with stock concentrations of 2-4 mg/ml were diluted 1:10 to 1:30 in 

the different media. A volume of 5 µl of the diluted sample was sandwiched between a microscopy 

glass slide and a cover glass (# 1.5) sealed with an adhesive spacer of a 120 µm thickness (S24737, 

Secure-Seal™ Spacer, Thermofisher, Gent, Belgium) to create a 3D environment for diffusing 

without flow in the sample. All FRAP measurements were carried out at room temperature. 

The experiments were performed on a C2 confocal laser scanning microscope (Nikon, Japan) 

equipped with an Apo 10x NA 0.45 objective lens (Nikon, Japan). The 488 nm Argon ion laser (40 

mW, CVI Melles Griot, CA) was used for photobleaching and imaging. A disk with a radius of 30 

µm was photobleached using an intense laser beam. The laser power was adjusted to obtain a 

bleaching parameter K0 between 0.5 and 2 to limit the influence of the bleaching depth. A pre 

bleach image was taken, and fluorescence recovery due to diffusion in and out of the bleached 

region was imaged by a time-lapse of 30 frames with a time interval of 1 s or 1.6 s for buffer or 

mucus/sputa, respectively. The time interval was chosen to match the recovery speed depending 

on the diffusion coefficient and the bleached area. The pinhole size was set to 30 µm. Between 9 

and 15 technical replicates were measured of each sample, and three biological replicates were used 

for the mucus solution. 

The diffusion coefficient (D) and the mobile fraction were calculated by fitting the fluorescence 

recovery data to the theoretical model developed by Braeckmans et al. [34] using in-house code in 
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Matlab (The Matworks, Natick, MA, USA). In this model, the average fluorescence recovery inside 

a bleached disc with radius 𝑤 is described by: 

𝐹(𝑡)

𝐹0
= 1 + (𝑒−𝐾0 − 1) [1 − 𝑒

−𝑤2

2𝐷𝑡 (𝐼0 (
𝑤2

2𝐷𝑡
) + 𝐼1 (

𝑤2

2𝐷𝑡
))]… (1) 

where 𝐹0is the fluorescence in the disc before bleaching, 𝐷 is the diffusion coefficient and 𝐾0 is 

the bleaching parameter. 𝐼0 and 𝐼1 are modified Bessel functions of the first kind of zeroth and 

first order, respectively. To take a mobile 𝑘 (and immobile) fraction into account, the formula 1 is 

substituted into the right part of: 

𝐹(𝑡)

𝐹0
= 1 + 𝑘 (

𝐹(𝑡)

𝐹0
− 1) … (2) 

 STATISTICS  

All statistical inferences are based on a two-sided significant level of * p < 0.05, ** p < 0.01, *** p 

< 0.001 and were carried out using GraphPad Prism version 8.00 (GraphPad Software, La Jolla 

California, USA). 
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III. RESULTS  

 TRANSPORT ACROSS EPITHELIAL CELLS 

In our previous work, we have shown that PEG30-rhDNase was absorbed systemically to a lower 

extent than rhDNase after intratracheal instillation in mice [16]. Here we quantified the uptake and 

transport of rhDNase and PEG30-rhDNase through Calu-3 cells cultured at ALI (Figure 1A) and 

in immersion and compared it to that of PEG 30 kDa and dextran 70 kDa (D70). D70 is a natural 

polymer with an average MW of 70 kDa, close to that of PEG30-rhDNase (67 kDa). 

The transport data across Calu-3 cells showed a significant decrease in the transport of PEG30-

rhDNase compared with rhDNase (p < 0.001) (Figure 1B). At 24 h, 28% of the apically applied 

amount of rhDNase was found on the basolateral side, 1.75 times higher than that of PEG30-

rhDNase (16%). Both proteins were transported to a higher extent than D70 (< 2%) and PEG30 

(< 1%) (p < 0.001).  

To clarify whether rhDNase and PEG30-rhDNase remain active after transport across Calu-3 cells, 

we assessed the activity of both proteins in the basolateral chamber at 4 h and 24 h, and on the 

apical side of the layers at the end of the experiment (24 h) (Figures 1 C-F). After 24 h, only 2.1% 

of the applied dose of rhDNase was found active in the basolateral side compared to 0.2% for 

PEG30-rhDNase (Figure 1C), i.e., respectively 13 to 75 times less than the protein quantities 

measured by spectrofluorimetry (Figure 1B). However, consistent with the data obtained by 

spectrofluorimetry, the concentrations of PEG30-rhDNase on the basolateral side were 

significantly lower compared with those of rhDNase both at 4 h and 24 h (Figure 1C). These data 

also indicate a lower degradation for rhDNase. Of note, the quantities estimated in the basolateral 

side at 4 h and 24 h using the enzymatic activity assay are underestimated as they do not take into 

account the proteins sampled at previous time points. In contrast, the activity of rhDNase and 

PEG30-rhDNase in the apical side was preserved after 24 h of cell exposure (Figure 1F). 
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Figure 1. Transport across Calu-3 cells at the air-liquid interface (ALI). A) Culture set-up. B) Cumulative 
quantities in the basolateral side over time.  C) Estimated quantities of rhDNase and PEG30-rhDNase in 
the basolateral side at 4 h and 24 h from D and E. D and E, enzymatic activity of rhDNase and PEG30-
rhDNase in the basolateral side at 4 h (D) and 24 h (E) post-exposure by methyl green assay. F) Enzymatic 
activity of rhDNase and PEG30-rhDNase in the apical side at the end of 24 h exposure time. Data represent 
mean ± SEM (n = 6-8 inserts). Significant differences among groups are presented by * for p < 0.05, ** for 
p < 0.01, and *** for p < 0.001 (Student (C) and two-way ANOVA, Tukey’s posthoc test (B, D-F).  

The uptake of compounds was quantified in Calu-3 cells by flow cytometry and spectrofluorimetry 

at the end of the exposure time (24 h). The amounts detected in cells were very low and presented 

less than 0.12% of the applied dose for rhDNase, roughly 4 times higher than that PEG30-

rhDNase, D70, and PEG30 (p < 0.01) (Figure 2A and B). The amounts of active proteins in the 

basolateral side (Figure 1C) were 5 to 16 times those in the cell layer for PEG30-rhDNase and 

rhDNase, respectively.   
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Exposing Calu-3 to low concentrations of compounds in immersion only showed a significant 

difference between rhDNase and PEG30-rhDNase (p < 0.05), the uptake of this latter was 

threefold lower than the former (p < 0.05) (Figure 2C). The uptake of D70 and PEG30 was not 

statistically significant from that of PEG30-rhDNase or rhDNase.  

 

Figure 2. Uptake by Calu-3 cells at the air-liquid interface (ALI) and in immersion. Calu-3 were cultured at 
ALI for 22 ± 2 days then exposed to 270 picomols of rhodamine-labelled rhDNase (10 µg), PEG30-
rhDNase, dextran, or PEG30. 24 h later cells were detached by trypsin then half of the cells were analysed 
by flow cytometry (A), and the other half were lysed by RIPA lysis buffer (B), and compounds were 
quantified in the supernatant by spectrofluorimetry (555/580 nm). C) Calu-3 were cultured in immersion to 
confluency; cells were exposed to 270 nM of rhDNase, PEG30-rhDNase, D70, and PEG30; 24 h post-
exposure, cells were detached by trypsin and analysed by flow cytometry. Bars represent mean ± SEM (n = 
3-8). Significant differences among groups were checked by one-way ANOVA, Tukey’s posthoc test, * for 
p < 0.05 and *** for p < 0.001. RFU, relative fluorescence units.  

 INFLUENCE OF PEGYLATION AND PEG SIZE ON THE UPTAKE OF RHDNASE BY 

MACROPHAGES  

Preceding reports have highlighted the role of alveolar macrophages in the sequestration and 

clearance of proteins, PEGylated or not, after pulmonary delivery [12, 22, 26]. The contribution of 

alveolar macrophages in the uptake of native and PEGylated rhDNase was also suggested in vivo in 

our laboratory [7, 16]. Here we further investigated the impact of PEGylation and PEG size on the 

uptake of native and PEGylated rhDNase by alveolar macrophages in vivo and in vitro on two 

macrophage cell lines (J774 and MHS). The mechanism of uptake was then studied and compared 

with markers of fluid-phase and adsorptive endocytosis.   
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Figure 3. In vivo and in vitro uptake of rhDNase and PEGylated rhDNase by macrophages. A) In vivo uptake 
by alveolar macrophages. B) In vitro uptake by J774 and MHS macrophages; cells were exposed to 162 nM 
of compounds (equivalent to 6 µg/ml of rhDNase) for 4 h at 37 °C and 5% CO2 then cells were washed, 
detached, and analysed by flow cytometry (n = 3); control represents cells in the culture medium. Data 
represent individual values of median fluorescence intensities, and horizontal lines represent mean ± SEM. 
Significant differences among groups were checked by one-way ANOVA, * for p < 0.05 and *** for p < 
0.001. RFU, relative fluorescence units. 

Regardless of the PEG size, the uptake of PEGylated rhDNase by alveolar macrophages was lower 

compared with rhDNase at 4 h post-intratracheal instillation in mice (p < 0.001)(Figure 3A). The 

uptake of rhDNase was roughly double that of PEG20-rhDNase, PEG30-rhDNase, and PEG40-

rhDNase. The opposite was observed 24 h post-delivery where the content of rhDNase within the 

macrophages was almost half that of PEGylated rhDNase (p < 0.05). Interestingly the amounts of 

rhDNase associated with the alveolar macrophages at 24 h were even less than those at 4 h (p < 

0.001). No significant difference among the three PEGylated products of rhDNase could be 
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inferred neither at 4 h nor at 24 h (p > 0.05). Cell viability in BAL, assessed by trypan blue exclusion 

assay, was above 90% and was similar for all groups and time points (Figure S5).  

The uptake of rhDNase and PEG-rhDNases were also assessed in vitro in two murine macrophage 

cell lines, MHS (alveolar) and J774 (ascites’ derived). Consistent with in vivo observations, the uptake 

of PEG-rhDNases was less than that of rhDNase at 4 h in both cell lines (p < 0.001), with no 

significant difference according to the PEG size (p > 0.05). The decrease was more marked in 

MHS compared with J774 (2-fold vs 1.4-fold), albeit the uptake was overall higher in J744.  

 CHARACTERISATION OF ENDOCYTOSIS BY MACROPHAGES FOR NATIVE AND 

PEGYLATED RHDNASE  

Since no significant difference in the uptake of the PEGylated forms of rhDNase was observed, 

only PEG30-rhDNase was selected to further investigate the mechanisms of uptake by 

macrophages in vitro. 

The effect of temperature was tested by comparing the uptake of rhDNase and PEG30-rhDNase 

by J774 and MHS at 4 °C and 37 °C. After a short incubation time of 30 min at low temperature, 

the uptake of both rhDNase and PEG30-rhDNase dropped by 4-5 fold compared with that at 

37 °C in both cell lines (p < 0.01) (Figure 4A).  

We also quantified the protein uptake in J774 cells at 37°C up to 6 h. This was time-dependent for 

both proteins and significantly lower for PEG30-rhDNase in comparison with rhDNase (Figure 

4B). The uptake of rhDNase, albumin, and D70 was additionally studied over a range of 

concentrations at 37 °C up to 30 μM in FBS-free medium to avoid the potential competition of 

FBS with the studied serum albumin. Albumin is present in the alveolar surface fluid of healthy 

lungs [35]. It has been used as a marker for both adsorptive and fluid phase endocytosis [36-40] 

while D70 is a well-established marker of fluid phase endocytosis [41, 42]. 

The uptake of rhDNase, albumin, and D70 was concentration-dependent and significantly higher 

for albumin and rhDNase compared with D70 (p < 0.05) (Figure 4C). The uptake of D70 was 

linear with concentration (R2=0.99); however, that of rhDNase and albumin showed a saturation 

trend at the highest concentrations (30 µM). All compounds exhibited low rates of uptake: 5.91 

µl/mg/h (95% CI, 5.22-6.60) for albumin, 4.18 µl/mg/h (2.92-5.44) for rhDNase, and 1.36 

µl/mg/h (1.13-1.59) for D70.  
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Figure 4. Endocytosis mode involved in rhDNase uptake by macrophages. A) Effect of temperature on 
the uptake of rhodamine-labelled rhDNase and PEG30-rhDNase in J774 and MHS macrophages; cells were 
exposed to 162 nM of either compound at 37 °C or 4 °C for 30 min; Data were normalised to median 
fluorescence signal at 37 °C. B)  Time-dependent uptake of 162 nM of rhDNase and PEG30-rhDNase (162 
nM) by J774 at 37 °C. C) Concentration-dependent uptake by MHS; cells were exposed to increasing 
concentrations (0.46-30 μM) of rhodamine-labelled rhDNase, albumin, or D70 in the absence of FBS in the 
medium for 2 h; Cells were then washed, lysed by RIPA and concentrations of compounds were measured 
in the supernatants by spectrofluorimetry (555/580 nm). D) Controls of fluid phase and adsorptive 
endocytosis; J774 and MHS macrophages were exposed to 162 nM of rhodamine-labelled rhDNase, 
PEG30-rhDNase, LDH, D70, or PEG30 at 37 °C and 5% CO2 for 4 h. In A, B, and D, cells were washed 
by DPBS, detached, and analysed by flow cytometry (561 nm laser). Data represent individual values, and 
horizontal lines represent mean ± SEM. Significant differences among groups were checked by t-test (A) 
one-way ANOVA (D) or two-way ANOVA (B, C) followed by Tukey’s posthoc test, * for p < 0.05 and 
*** for p < 0.001. RFU, relative fluorescence units. 
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To have more insights into the mechanisms of uptake of rhDNase, D70 and LDH (a known marker 

of adsorptive endocytosis which, at the pH of the cell culture medium, is positively charged due to 

its isoelectric point, pI 7.7) were tested in J774 and MHS [30, 31] (Figure 4D). Fluid phase 

endocytosis is a process by which macrophages probe fluids from the surrounding 

microenvironment [43]. It is a slow non-specific process that does not require binding to the cell 

membrane compared with adsorptive endocytosis which is also a non-specific process, however, 

occurs at higher rates than fluid-phase endocytosis and involves adsorption to the cell surface [31, 

44, 45]. The uptake of rhDNase was twice that of PEG30-rhDNase, 3 times higher than D70 and 

only a third that of LDH in MHS. A similar trend was found in J774 except that the uptake of 

PEG30-rhDNase was only 0.9 that of rhDNase, and LDH was 2.5-fold higher than rhDNase.  

 DIFFUSION IN MUCUS AND CF SPUTA 

To determine if PEGylation affected the diffusion and binding of rhDNase to the respiratory 

mucus, we assessed the diffusion of native and PEGylated rhDNase by fluorescence recovery after 

photobleaching (FRAP) in porcine tracheal mucus and CF sputa. Dextran of 40 kDa (FD40) and 

70 kDa (FD70) were used as controls to assess the impact of MW and macromolecule nature on 

the diffusion.  

 

Figure 5. Diffusion of FITC-labelled native and PEGylated rhDNase and dextrans through porcine 
tracheal mucus, CF sputum and buffer by fluorescence recovery after photobleaching (FRAP). Diffusion 
coefficient (µm2/s) and mobility (%) respectively in buffer (A, D), porcine mucus (B, E), or CF sputa (C, 
F). Data represent mean ± SEM different mucus samples (n = 3). Significant differences among groups are 
presented by * for p < 0.05, ** for p < 0.01, and *** for p < 0.001 (one-way ANOVA, Tukey’s posthoc 
test).  
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The diffusion of native rhDNase was faster than that of PEGylated rhDNase in all media (buffer, 

porcine mucus, and CF sputa) with no difference in diffusion rate observed between PEG30-

rhDNase and PEG40-rhDNase (Figure 5 A-C). The diffusion of all compounds was slowed down 

in the porcine mucus and CF sputum compared to the buffer (Figure 5B and C). The diffusion of 

rhDNase in porcine mucus was 4.8-fold slower compared with the buffer, whereas it was 3.7, 2.9, 

and 2.7 fold slower for PEG20-rhDNase, PEG30-rhDNase, and PEG40-rhDNase respectively 

(Table S1). All compounds diffused freely with no binding to the media (100% mobile fraction) at 

the exception of rhDNase, whose mobile fraction was lower (94%) in CF sputum (p < 0.01) (Figure 

5D-F).    

Transport experiments across a thin layer of porcine tracheal mucus spread at the surface of 

Transwell® inserts (Figure S6) showed that the half-lives (the time needed for 50% of the initial 

dose to cross the mucus layers mounted on inserts) or crossing the mucus layer were qualitatively 

in line with the FRAP experiments. The half-lives were 24 (95% CI, 23-26), 47 (44-51), 56 (52-61), 

and 60 (55-65) minutes for rhDNase, PEG20-rhDNase, PEG30-rhDNase, and PEG40-rhDNase, 

respectively.  
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IV. DISCUSSION 

Recently, a long-acting version of rhDNase was proposed for the treatment of CF consisting of 

conjugated rhDNase to PEGs of 30 kDa or 40 kDa [7]. Here, we investigated potential mechanisms 

for the longer retention of PEGylated rhDNase in the lungs, namely, lower transport across 

epithelial cells, decreased uptake by alveolar macrophages, and adhesion to the respiratory mucus.  

Transport across Calu-3 monolayers to the basolateral side was lower for PEG30-rhDNase 

compared with that of rhDNase. The activity of rhDNase and PEG30-rhDNase was preserved on 

the apical side but largely lost on the basolateral side indicating a significant degradation of both 

proteins during transport. Both rhDNase and PEG30-rhDNase were transported to a higher extent 

than D70 and PEG30. These findings point towards a rather significant contribution of 

transcellular transport; however, paracellular transport cannot be dismissed.  

Proteins could be absorbed through epithelial cells transcellularly in endocytic vesicles, 

paracellularly through tight junctions or both [18, 35]. We propose that PEGylation with large 

PEGs could reduce transport by both pathways. PEGylated proteins are more hydrophilic than 

their corresponding unconjugated proteins, therefore, likely to interact less with the cell membrane 

or membrane receptors and thus not be as effectively taken up by cells. On the other hand, the 

relatively small size of rhDNase (37 kDa, ~ 4.8 nm) suggests that it could be transported by the 

paracellular route more efficiently than the larger PEG30-rhDNase (67 kDa, ~ 10 nm) [16]. This 

suggestion is based on the general assumption that proteins smaller than 40 kDa or 5-6 nm in size 

can diffuse through small pores in lung epithelia [20, 35]; however, the presence of pores of 5-12 

nm in diameter and even larger was suggested in intact alveolar epithelium and lung epithelial cell 

monolayers [35, 42, 46].  

These findings are in line with our previously published work where both intact rhDNase and 

PEG30-rhDNase were absorbed into the blood after intratracheal instillation in mice, however, to 

a lower extent for the latter [16]. Patil et al. have also demonstrated that PEGylation of anti-IL-13 

and anti-IL-17A with PEG40 kDa reduced their uptake and transport across Calu-3 cells cultured 

at ALI [14]. Furthermore, the bioavailability of PEG 12 kDa conjugates of IFNα2b (19 kDa) and 

rhGCSF (18 kDa) were respectively 3 and 10-fold lower compared with their unconjugated 

counterparts after pulmonary delivery in rats [21, 22]. 

While PEGylation has been shown to promote particle evasion from macrophages [47-49], such 

an effect has not been shown conclusively for PEGylated proteins, although a reduced macrophage 

uptake of PEGylated Fab’ fragments has been suggested [12]. Direct quantification of proteins 
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(PEGylated or not) in alveolar macrophages recovered by BAL following pulmonary delivery did 

not exceed 3% of the administered doses [7, 22, 26]. However, this percentage is probably largely 

underestimated because BAL only recovers a small fraction of alveolar macrophages [26]. On the 

other hand, a more significant contribution of alveolar macrophages was suggested by Lombry et 

al. who reported a 3-fold increase in the bioavailability of human chorionic gonadotropin hCG 

(from 17.6% to 59.7%) after depleting alveolar macrophages from rat lungs [24].  

Regardless of the PEG size, the uptake of PEGylated rhDNase was half that of rhDNase by 

macrophages in vitro and 4 h post-delivery in vivo. However, a higher concentration of PEGylated 

rhDNase associated with the macrophages was measured 24 h post-delivery. This observation 

could be attributed to (i) the prolonged presence of PEG30-rhDNase in lungs airspaces and, 

therefore, more availability for macrophage uptake, and (ii) potentially, the higher resistance of 

PEGylated rhDNase to degradation within macrophages [17, 26]. Similarly, higher amounts of 

PEGylated rhDNase and Fab’ fragments were detected in alveolar macrophages 24 h post-delivery 

compared to their corresponding non-PEGylated counterparts [7, 26]. 

The uptake of rhDNase in vitro was energy, time, and concentration-dependent. Unlike that of 

dextran, the uptake of both rhDNase and albumin reached saturation at the highest concentration 

(30 µM), which is more in favour of adsorptive endocytosis. Nevertheless, because both albumin 

(pI 4.7) and rhDNase (pI 4.58) are negatively charged at a neutral pH, they are unlikely to interact 

strongly with either negatively charged or hydrophobic sites on the cell surface [50]. Both rhDNase 

and albumin could be adsorbed to the cell surface, albeit weakly compared with more positively 

charged (e.g. LDH) or hydrophobic proteins. According to this assumption, the hydrophilic nature 

of PEG could decrease the adsorption of rhDNase onto the cell membrane and, therefore, 

decreases its uptake by macrophages. In fact, Yamamoto et al. have shown that the PEGylation of 

lipid membranes prevented the adsorption of bovine serum albumin [51]. Likewise, we expect the 

PEGylated proteins to be less adsorbed onto lipid cell membranes. 

Because macrophages are more efficient in scavenging protein aggregates [18], the lower uptake of 

PEG30-rhDNase by alveolar macrophages at 4 h in vivo could be partly ascribed to the protective 

effect of PEG against the aggregation of rhDNase in contact with lung lining fluids. However, 

preservation of the full enzymatic activity in vitro on the apical side of Calu-3 layers also suggests 

no aggregate formation. Moreover, in a recent work, we have shown that the PEGylation only 

confers slight protection to rhDNase against aggregation and loss of activity in contact with BAL 

in the absence, but not the presence, of calcium ions [16]. Therefore, we conclude that the 
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decreased uptake of PEGylated rhDNase by alveolar macrophages might not be related to 

protection against aggregation. 

The diffusion of PEGylated rhDNase through porcine mucus and CF sputa was, as expected, 

slower than that of native rhDNase due to the increased hydrodynamic diameter of PEG 

conjugates. Mechanical trapping of proteins and dextrans in the mesh-like network of mucus is 

unlikely due to the large pore size of tracheal mucus (20 nm to several micrometres [52, 53]) relative 

to the size of our tested compounds (≤ 10 nm). It is, however, possible that this hindrance is 

partially caused by the high crosslinking and tortuous pathways of concentrated mucus and 

purulent CF sputa [34, 54].  

FRAP measurements of the mobility of PEGylated rhDNase and dextrans in porcine mucus 

indicate no strong chemical interaction of these compounds with the mucus. rhDNase, on the 

other hand, exhibited a slight decrease in the mobile fraction in porcine mucus and CF sputa (4% 

and 6%, respectively) likely due to binding to mucus components, although we cannot speculate 

on the nature of these interactions. Moreover, the diffusion rates of proteins in porcine mucus and 

CF sputa were 2.7 to 4.8 times slower than that in the buffer. The larger the PEG the least this 

diffusion was slowed in mucus compared to buffer. These data indicate that longer PEG chains 

might be more efficient in preventing interactions with mucus constituents. 

Contrary to our finding, the conjugation to 20 kDa and 40 kDa PEGs was shown to cause binding 

of Fab’ fragments to the mucus; this adhesion was attributed to the entanglement of PEG with the 

mucin fibres [12, 14]. 

Finally, the mucus layer covering the airway epithelium is 2-55 μm thick [49, 55]. It is thin to absent 

in the lung periphery and thicker in the upper airways. Thus, the rapid diffusion rate of native and 

PEGylated rhDNase in mucus (16 – 32 µm2/s, Figure 5B and C) means that they can penetrate 

the mucus almost instantly and that PEGylation would not significantly impact the mucociliary 

clearance of rhDNase based solely on this criterion. 
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V. CONCLUSIONS 

In this work, we have shown that the prolonged presence of PEGylated rhDNase in the lungs is 

likely promoted by lower absorption through epithelial cells and decreased uptake by alveolar 

macrophages as compared to the native protein. On the other hand, protection against aggregation 

and altered binding to airway mucus do not appear to be notable factors affecting its fate in the 

lungs.  
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Table S1. Coefficient of diffusion ratios between buffer and mucus/sputa.  

 FD40 FD70 rhDNase PEG20-

rhDNase 

PEG30- 

rhDNase 

PEG40-

rhDNase 

D Buffer/Porcine 

mucus (SD) 

- - 4.80 

(0.70) 

3.71 

(0.37) 

2.88 

(0.09) 

2.72 

(0.19) 

D Buffer/CF 

sputum 

(SD) 

2.55 

(0.14) 

2.27 

(0.05) 

3.32 

(0.38) 

3.17 

(0.06) 

2.52 

(0.08) 

2.74 

(0.014) 
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Figure S1. Size exclusion chromatography (SEC) of rhodamine-labelled native and PEGylated rhDNase 
with PEG20, PEG30, and PEG40 kDa (A to D, respectively). Labelled proteins eluted with 1 mM CaCl2 
150 mM NaCl (1 mL/min) on HiLoad Superdex 200 pg column. Elution was monitored by measuring the 
absorbance at 280 nm (blue, protein) and 555 nm (magenta, dye). Elution volumes are inversely proportional 
to the MW of the protein-PEG conjugate. Chromatograms shows no degradation or aggregated products. 
Shaded areas correspond to the collected fractions.    
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Figure S2. Calibration curves of rhodamine labelled rhDNase and PEGylated rhDNase in 1 mM CaCl2 
150 mM NaCl buffer. Fluorescence was measured in dark 96 well plate at wavelength 555/580 nm for 
excitation and emission.  
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Quantification of lipopolysaccharide (LPS) levels for protein stock solutions 

LPS content in protein stock solutions was tested on murine macrophage tumour lines P388D1 

(ATCC®). This cell line is known to secrete interleukin 6 (IL-6) after stimulation by 

lipopolysaccharide [56]. Non-adherent P388D1 macrophages were maintained in RPMI 1640 

medium supplemented with 15% FBS at 37 °C and 5% CO2. Cells were seeded in 96 well plates at 

a density of 8x 104 cell/well for 48 h at 37 °C and 5% CO2 with serial concentrations of LPS 

standard or protein solutions prepared in cell culture media. The LPS used was from Escherichia 

coli O111: B4, #L4391, lot 088M4067V, potency 500000 EU/mg, Sigma-Aldrich, MO, USA). 

After 48 h plates were centrifuged at 300 g for 5 min to precipitate cells and the supernatant was 

collected for IL-6 quantification. IL-6 levels in the supernatant were measured by ELISA (Mouse 

IL-6 DuoSet ELISA, Bio-Techne, Minneapolis, USA). LPS levels in samples were then calculated 

from the levels of IL-6 induced for known standards of LPS. 
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Figure S3. Determination of concentrations of lipopolysaccharide (LPS) in protein stock solutions. A) 
Calibration curve of IL-6. B) Levels of IL-6 produced by P388D1 macrophages after exposure to different 
concentrations of LPS or proteins stock solutions.  
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Figure S4. Impact of the number of washes on the uptake of rhDNase and PEG30-rhDNase in J774. Cells 
were exposed to 1.62 nM of rhDNase or PEG30-rhDNase for 4 h 37 °C and 5% CO2. Cells were then 
washed 3, 6, or 9 times with PBS (1ml each) then detached and analysed by flow cytometry at 561 nm laser. 
Data represent individual values of median fluorescence intensities, and horizontal lines represent mean ± 
SEM (n = 3). No statistical difference was found (one-way ANOVA, Tukey’s posthoc test). 
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Figure S5. Cell viability in BAL by trypan blue exclusion test. BALs was collected 4 h and 24 h after 
instillation of compounds or controls. Data represent individual values for each BAL, and horizontal lines 
are mean ± SEM. No statistical differences among groups could be inferred (one-way ANOVA, Tukey’s 
posthoc test). 
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Figure S6. Transport of native and PEGylated rhDNase across porcine tracheal mucus in Transwell® 
inserts. Mucus was prepared on Transwell® inserts as previously described [32, 33]. Twelve mg of porcine 
mucus was diluted in 300 µl of 100 mM NaCl and laid on the Transwell® membrane. Inserts placed in 12 
well plates were then centrifuged for 15 min at 1500 rpm followed by a careful aspiration of the excess NaCl 
solution. 500 µl of Hank’s Balanced Salt Solution (HBSS) was added to the basolateral chamber. The 
calculated thickness of the mucus is ~ 100 µm. C) Transport kinetics of proteins across the mucus in 
Transwell® inserts. Rhodamine labelled-rhDNase, PEG20-rhDNase, PEG30- rhDNase or PEG40- 
rhDNase. 135 nM of each compound (5 µg of rhDNase in 5 µl of HBSS) was pipetted on the top of the 
mucus then the plate was kept at 35.5 ± 0.5 °C under constant orbital shaking in the plate reader (Tecan 
Spark 10M, Männedorf, Switzerland). Fluorescence was recorded every 5 min from the bottom (555/600 
nm, ex/em). Bars represent mean ± SEM (n = 3) of the percentage of the dose deposited on mucus detected 
in the lower chamber.  

The data in Figure S6 show that the PEGylation delays the transport of rhDNase across the mucus. 

The complete transport across the mucus takes hours because of the (i) higher thickness of the 

mucus layer, (ii) the presence of an additional barrier represented by the insert membrane. 

Complete transport across empty Transwell® inserts occurs in 5-10 min for all proteins.  
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Graphical abstract. Mechanisms of the longer retention of PEGylated rhDNase in the lungs. PEGylation of rhDNase 
with PEG of MW ≥ 20 kDa decreases the diffusion of rhDNase in the mucus but does not affect its mucociliary 
clearance significantly (1). PEGylation of rhDNase decreases its absorption from the lungs (2), uptake by alveolar 
macrophages (3), and degradation, primarily in the lungs (4), leading to a longer retention of PEGylated rhDNase in 
lung airspaces (5).  
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I. MAIN ACHIEVEMENTS  

Delivery of therapeutic proteins to the lungs holds plenty of promise for local and systemic 

therapies. Despite the market gradual shift towards developing therapeutic proteins in recent years, 

the exploitation of the pulmonary route is failing to catch up [1, 2]. The market release of inhaled 

dornase alfa has given this field the impetus to pursue further developments. However, almost 

three decades later, the success of dornase alfa remains singular. Despite this, the pulmonary 

delivery of proteins seems to keep its attractiveness, especially for the local delivery of large 

proteins, otherwise, poorly available to the lungs by other routes of administration [3].  

Guichard et al. have developed a PEGylated version of rhDNase that could sustain the presence 

of the enzyme in the lungs and thereby improve its therapeutic efficacy. In this project, we 

investigated the mechanisms of the lung longer retention of conjugated rhDNase with linear 20 

kDa, linear 30 kDa, and two-arm 40 kDa PEG following pulmonary delivery.   

In vivo fluorescence imaging showed that the presence of PEGylated rhDNase in lungs was 

sustained for 10-12 days compared with 5-7 days for the unconjugated rhDNase following 

pulmonary delivery in mice. Confocal imaging of mouse lungs has shown that the extended 

retention of PEGylated rhDNase was associated with its presence in airspaces as well as in AMs, 

contrary to rhDNase, where its presence beyond the first 24 h was only associated with lung 

parenchyma and AMs. The presence of PEGylated rhDNase in airspaces is ideal for exerting the 

mucolytic activity of the enzyme.  

PEGylated rhDNase was less absorbed to the blood in vivo and across Calu-3 lung epithelial cells 

in vitro. The larger size of PEGylated rhDNase and the hydrophilic nature of the PEG were 

suggested to reduce both transcellular and paracellular transport across epithelial cells.  

Native and PEGylated rhDNase were shown to be taken up significantly by macrophages in vitro 

and in vivo after intratracheal instillation. The uptake of PEGylated rhDNase was half that of 

rhDNase at 4 h in vivo and in vitro showing that PEGylation decreased the uptake of rhDNase 

regardless of the PEG size. The opposite was seen in vivo at 24 h post-instillation where the amounts 

associated with AMs were twice higher for PEGylated rhDNase. The uptake of rhDNase by 

macrophages was energy and time-dependent and saturable at high concentrations, which is 

indicative of adsorptive endocytosis. Decreasing the interactions with the cell membrane due to 

the hydrophilic nature of PEG might explain this reduction; however, more experiments need to 

be conducted to confirm this hypothesis.  
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The mucociliary clearance of both proteins was demonstrated in vivo; however, with no significant 

difference between rhDNase and PEG30-rhDNase, suggesting that a decrease in mucociliary 

clearance might not be the main cause for the longer retention of PEGylated rhDNase. PEGylation 

was shown to decrease the diffusion rate of rhDNase in porcine tracheal mucus and CF sputa. No 

strong binding to the mucus and CF sputa was found except for rhDNase which showed 4 to 6% 

of its quantity immobilised. These differences might not be significant in vivo as the diffusion rates 

of both proteins was relatively fast (16-32 µm2/s) relative to the thickness of the mucus in the 

respiratory tract (≤ 55 µm).  

PEGylated rhDNase was significantly less degraded than rhDNase in lung homogenates at 24 h 

post-instillation. This protection against degradation might be the results of decreased uptake by 

AMs and epithelial cells rather than increased stability of rhDNase in airspaces. Further catabolism 

in the liver and eventually the blood occurred after absorption. PEGylated rhDNases suffered 

slightly more aggregation and loss of activity in contact with the bronchoalveolar lavage fluid but 

only in the absence of calcium ions.  This slightly increased stability of PEGylated rhDNase in lung 

fluid might not be relevant to the in vivo scenario were calcium concentrations in lung lining fluids 

and mucus are high enough [4-7].  

In vivo NIFR imaging showed a similar distribution of native and PEGylated rhDNase in the whole 

body, particularly in highly irrigated organs. Transient accumulation of native but not PEGylated 

rhDNase in the liver was attributed to the higher absorption of rhDNase and its degradation 

products from the lungs compared with PEGylated rhDNase rather than a higher affinity or 

retention of rhDNase in the liver. This suggestion was supported by the more prolonged 

accumulation of PEG30-rhDNase in the liver following IV injection. Renal excretion was abserved 

following pulmonary absorption however it was only for intact rhDNase but not PEG30-rhDNase. 

In summary, reduction in systemic absorption as well as macrophage and epithelial cell uptake 

seemed to play a significant role in the extended retention of PEGylated rhDNase in the lungs. 

Mucociliary clearance, as well as aggregation in the lungs, were involved in the clearance of both 

forms of rhDNase but are unlikely to play a very significant role in their differential retention in 

the lungs.  
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II. DISCUSSION 

Conjugation to MW PEGs ≥ 20 kDa has been demonstrated to increase the residence time of 

proteins in the lungs [8-11]. More recently, remarkable results have been achieved for rhDNase 

following conjugation to PEGs of 30 kDa and 40 kDa [5, 12, 13]. PEGylation did not alter the 

enzymatic activity of rhDNase on DNA solution and CF sputa. The lung residence time was 

prolonged to over 15 days instead of 24 h for the unconjugated rhDNase. The extended residence 

time translated into an improved efficacy of the PEGylated form: one single dose of PEGylated 

rhDNase over 5 days was as effective as one daily dose of rhDNase during 5 days in decreasing 

the DNA content in lung airspaces of β-ENaC mice [13].  Moreover, the safety profile was 

satisfactory in the short and long term toxicities studies in mice [13].  

Here, we investigated the mechanisms for the longer retention of PEGylated rhDNase, namely, i) 

mucociliary clearance and interaction with the mucus, ii) the transport across epithelial cells, iii) 

uptake by alveolar macrophages and iv) degradation within the lungs. We also investigated the 

biodistribution and elimination pathways of native and PEGylated rhDNase after intratracheal 

instillation and intravenous injection.  

 MUCOCILIARY CLEARANCE AND INTERACTION WITH THE MUCUS 

Mucus is the first surface encountered by aerosols in the respiratory tract. Entrapment in the mucus 

could be beneficial for the retention of drugs delivered to the deep lungs but detrimental in the 

upper airways where the mucociliary clearance is more effective [9, 14, 15]. In this work, 

mucociliary clearance followed by elimination by the GI tract contributed to the clearance of 

rhDNase and PEG30-rhDNase after pulmonary delivery. However, the signal in the GI tract and 

the faecal pellets at 24 h post-instillation represented only 5% of the total signal suggesting a less 

significant contribution than the systemic absorption and retention in the lung parenchyma. 

Moreover, PEGylated and non-PEGylated rhDNase did not seem to be affected differently by the 

mucociliary clearance. In contrast, Patil et al. reported higher mucociliary clearance of Fab′ 

fragments by measuring up to 29% of the administered dose in the stomach of mice 4 h after deep 

lung delivery [3]. The amounts in the stomach were significantly lower for anti-IL-17A-PEG20 

(22%) and anti-IL-17A-PEG40 (15%) [10]. Hastings et al. argued that the mucociliary clearance is 

not a significant mechanism of protein clearance from the lungs, particularly after delivery to distal 

airways [10, 16]. The elimination by this pathway would be even less significant in patients with CF 

where the mucociliary clearance is impaired [17, 18].  
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The diffusion of PEGylated rhDNase in the porcine mucus and CF sputa was slower than that of 

rhDNase due to the increased hydrodynamic size of the PEG conjugates. It is known that because 

of to the highly solvated PEG, the hydrodynamic size of PEGylated proteins is higher than 

expected based on their MW in comparison with proteins of the same size [19, 20].  

The diffusion of native and PEGylated rhDNase was up to 5 times slower in mucus and CF sputa 

compared with buffer probably because of the lower viscosity of the latter [21, 22] and possibly 

the longer distances macromolecules have to travel because of the tortuous pathways created by 

mucin fibres. Braeckmans et al. reported a ~ 3-fold decrease in the diffusion rates of dextran of 

167 to 2000 kDa in CF mucus compared to the buffer [23]. Mechanical trapping of proteins and 

dextran in the mesh-like network of mucus is unlikely due to the large pore size of tracheal mucus 

(20 nm to several micrometres [22, 24, 25]) relative to the size of our tested compounds (< 10 nm). 

Unlike PEGylated rhDNase, rhDNase exhibited a slight decrease in mobility in porcine tracheal 

mucus and CF sputa where 4% and 6% of rhDNase were immobile, respectively. The immobile 

fractions of rhDNase are likely due to binding to the mucus components; however, we cannot 

speculate on the nature of these interactions. We are also unable to relate our findings to the 

previous work of Patil et al. who found the that conjugated Fab with PEGs of 20 kDa and 40 kDa 

caused binding of the Fab’ fragments to healthy respiratory mucus [9, 10].  

The mucus layer covering the airway epithelium is 2-55 μm thick [26, 27]. It is thin to absent in the 

lung periphery and thicker in the upper airways. Thus, the rapid diffusion rate of native and 

PEGylated rhDNase in mucus (16 – 32 µm2/s) means that they can penetrate the mucus almost 

instantly and that the PEGylation would not significantly affect the mucociliary clearance of 

rhDNase based solely on this criterion.  

 ABSORPTION THROUGH THE LUNG EPITHELIA TO THE BLOODSTREAM 

Systemic absorption to the bloodstream is an important clearance mechanism of proteins from the 

lungs; therefore, its decrease could significantly extend the retention of proteins in airspaces.  

The systemic absorption of rhDNase after a single inhalation has been shown to range from less 

than 2% in monkeys up to 15% in rats [28]. Based on the general assumption that larger proteins 

are less absorbed from the lungs [29-32], PEGylation was expected to diminish the absorption of 

rhDNase across the lung epithelial barrier. The few studies in the literature about the absorption 

of PEGylated proteins have also shown a decrease in lung absorption following pulmonary delivery 

in rats. The bioavailability of rhGCSF (18 kDa) dropped threefold after conjugation to 6 kDa PEG 

(11.9% to 4.5%) and even lower after conjugation to 12 kDa PEG (1.6%) [33]. A similar decrease 
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was observed for IFNα2b (19 kDa), with its bioavailability reduced from 15% to 5.5% and < 0.4% 

when conjugated to PEGs of 12 kDa and 40 kDa, respectively [34]. Patil et al. showed that 

PEGylation of anti-IL-13 and anti-IL-17A (47 kDa) with PEG40 reduced both their uptake and 

transport across Calu-3 human lung epithelial cells [10].  

NIRF imaging showed an early signal diffusion (<15min) throughout the whole body for rhDNase 

and PEG30-rhDNase following intratracheal instillation. Intact proteins were detected in vivo in 

sera and in vitro in the basolateral side of Calu-3 monolayers. In both cases, the absorption was 

lower for PEG30-rhDNase. The signal of rhDNase in the blood peaked at around 4 h post-delivery 

then decreased slowly thereafter, whereas that of PEG30-rhDNase increased initially then 

remained relatively steady from 2 h to 24 h. The signal in the blood originates from intact and 

degraded proteins as shown by gel electrophoresis of sera. Likewise, the in vitro amounts of proteins 

in the basolateral side estimated by activity were much lower than those measured by 

spectrofluorimetry. Moreover, the presence of degraded proteins in the basolateral side but not the 

apical side and the higher uptake of rhDNase by Calu-3 cells in vitro suggest that degradation 

occurred during transport, which is indicative of transcytosis. Nevertheless, the possibility of 

paracellular transport is not dismissed. 

The presence of degradation products in sera from 4 h onward but not at 2 h suggests that 

absorption might have occurred initially for intact proteins by paracellular transport at high 

concentrations in the airspaces. This relatively fast absorption could have been followed by a longer 

absorption phase by transcellular transport. The presence of intact rhDNase but not its degradation 

fragments nor those of PEG30-rhDNase in the urines collected 2 h post-instillation supports this 

suggestion. The presence of other fragments in sera, lungs, and urines at 24 h after intratracheal 

instillation and in sera after IV injection suggest that degradation occurred before and after 

absorption.    

Conjugation to large PEGs is likely to reduce the transport of proteins through epithelial cells by 

both transcellular and paracellular pathways [29]. PEGylated proteins are more hydrophilic than 

the corresponding unconjugated proteins, therefore, likely to interact less with the cell membrane 

and thus to be less taken up by cells. Moreover, the relatively small size of rhDNase (37 kDa, ~ 4.8 

nm) suggests that it could be transported by paracellular pathway as well unlike the larger PEG30-

rhDNase (67 kDa, ~ 10 nm) [35]. This suggestion is based on the general assumption that proteins 

smaller than 40 kDa or 5-6 nm in size can diffuse through small pores in lung epithelia [31]; 

however, pores of 5-12 nm in diameter and even larger were also suggested in intact alveolar 

epithelium and lung epithelial cell monolayers [29, 36, 37]. 
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 UPTAKE BY MACROPHAGES 

Macrophages are the primary phagocytic cells in the lungs and the second line of defence after 

mucociliary clearance [38]. They are responsible for clearing microbes, particles, and foreign 

substances including proteins, especially in the lower airways and the alveolar region in 

compensation of the lower mucociliary clearance [38, 39]. Uptake by alveolar macrophages is more 

important for large proteins because of their low absorption and therefore longer dwelling in 

airspaces [40]. Here we have shown that PEGylation decreases the uptake of rhDNase by 

macrophages in vitro and in vivo at 4 h post-delivery. Contrary to this, the in vivo uptake of PEGylated 

rhDNase was higher at 24 h likely due to their higher concentrations in airspaces compared with 

rhDNase. The higher availability of PEGylated rhDNase in the airspaces was shown by confocal 

images as well as by ELISA in BALs [13]. The unexpectedly lower signal of rhDNase in AMs at 24 

h compared with 4 h suggests that the rate of protein degradation and release by macrophages is 

higher than that of the uptake. This occurs when there is a lack of rhDNase in the airspaces, which 

is in line with the pharmacokinetic data in BAL obtained by Guichard et al. [13].  

Several authors reported the contribution of alveolar macrophages to protein clearance from the 

lungs after pulmonary delivery. Lombry et al. reported an increase in the bioavailability of hCG 

(from 17.6% to 59.7%) and IgG (4.5% to 10.5 %) in AM-depleted rats [40]. However, such an 

increase was not reported for insulin by the same authors because of the rapid absorption of insulin 

by the lungs. Other authors reported a minor role of AMs in proteins clearance from the lungs. 

For example, direct quantifications of proteins in AMs were less than 1% for 125I-albumin and 

IFNα2b (PEGylated or not) after intratracheal instillation in sheep and rats, respectively [34, 41]. 

Values up to 3% were reported for PEGylated Fab’ in AMs in mice [42], and recently less than 1% 

for rhDNase and PEG30-rhDNase in mice [13]. These values could be higher, considering that 

standard procedures of BAL recover only a portion of alveolar macrophages [43]. Compared with 

mice, human alveoli are more numerous, larger, and host more AMs [44]. Surprisingly, the number 

of AMs per alveolar surface area is constant across species [38], but their volume in humans is at 

least 2-3 times bigger than that of mice [44, 45]. Therefore, the uptake capacity of AMs per unit of 

alveolar surface area is higher in humans, assuming a correlation between the volume of and the 

endocytotic activity of AMs. 

The endocytic capacity of AMs is also higher than that of type II cells [16], which is in turn higher 

than that of type I cells [46]. In fact, confocal images revealed brighter signals in AMs compared 

with alveolar septa. Because of the higher number of epithelial cells compared to AMs in mice and 

human lungs (10 to 1 ratio) [44], their contribution of the latter would be less significant. Takano 



CHAPTER IV – DISCUSSION AND PERSPECTIVES 

161 

et al. have estimated that type II cells cultured in vitro contributed to more than 70% of the uptake 

of albumin while the remaining (< 30%) is taken up by type I cells. Based on these estimations and 

cell distribution of type II: type I: AM of 67:40:12 per alveolus in humans [44], the contribution of 

AMs in the uptake of albumin would be higher than 10% of the overall uptake in the alveolar 

region. This role in the clearance would be even less for rapidly absorbed proteins [40]. 

The uptake of rhDNase by macrophages was energy, time, and concentration-dependent, and 

reached saturation at the highest concentration (30 µM). It occurred at a rate comparable with that 

of albumin at high concentrations, but significantly higher than that of dextran of 70 kDa. Because 

both albumin (pI 4.7) and rhDNase (pI 4.58) are negatively charged at a neutral pH, they are 

unlikely to interact strongly with neither negatively charged nor hydrophobic sites on the cell 

surface [47]. However, both rhDNase and albumin could be adsorbed to the cell surface, albeit 

weakly compared with more positively charged (LDH) or hydrophobic proteins. This potential 

adsorption could explain the higher uptake rates of albumin and rhDNase relative to D70, adding 

thus to their basal rate of uptake by fluid-phase endocytosis. According to this assumption, the 

hydrophilic nature of PEG could decrease the adsorption rhDNase to the cell membrane and, 

therefore, reduces its uptake by macrophages. This effect would not have been observed for pure 

fluid-phase endocytosis which is size-independent and binding to the cell surface is not required 

for internalisation. Limiting the interaction with cell membrane upon PEGylation was shown by 

Yamamoto et al., who found that the PEGylation of lipid membranes prevented the adsorption of 

bovine serum albumin [42]. We expect the opposite to be accurate, i.e., PEGylated proteins are 

likely less adsorbed on lipid membranes such as those of cells [48]. 

Confocal images have shown the more extended presence of PEGylated rhDNase and PEG30 

alone in AMs compared with rhDNase. The size of PEG did not appear to influence the uptake 

of PEGylated rhDNase by macrophages significantly. If our hypothesis about decreasing the 

interactions with cell membranes is correct, transcytosis across epithelial cells would not differ 

among the studied conjugated forms of rhDNase. In this case, the shorter residence time of 

PEG20-rhDNase in the lungs could be due to difference in paracellular transport, even though the 

size of PEG20-rhDNase does not differ much from that of PEG30-rhDNase (9.4 nm vs 10 nm 

respectively).  
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 DISTRIBUTION AND STABILITY WITHIN THE LUNGS 

The local presence of intact rhDNase in airspaces is paramount for the mucolytic action of the 

enzyme and, therefore, its therapeutic efficacy. Confocal imaging showed that proteins clearance 

from lung airspaces occurred within 24 h for unconjugated rhDNase, 4 days for PEG20-rhDNase 

and 7 days for PEG40-rhDNase and PEG30-rhDNase. Beyond that, the signal was significantly 

present only in alveolar macrophages as shown by confocal images. Higher amounts of PEGylated 

rhDNase in the lungs at 24 h by NIRF imaging were associated with higher amounts of intact 

protein by gel electrophoresis, which in turn correlated with the enzymatic activity. Moreover, in 

vitro transport across Calu-3 cells has shown that rhDNase and PEG30-rhDNase were intact in 

contact with the apical side of the cell monolayers but not on the basolateral side. Therefore, we 

expect that most of the in vivo signal in airspaces observed by confocal imaging corresponds to 

intact proteins. 

It is well-established that the lungs are involved in protein metabolism, albeit to a lesser extent than 

the liver and the GI tract [29]. The degradation of rhDNase and PEG30-rhDNase occurred most 

likely in lung cells (i.e. epithelial cells and alveolar macrophages). The degradation of PEG30-

rhDNase did not produce rhDNase moieties suggesting that the detachment of the PEG moiety 

occurs after degradation of the protein moiety. Degraded products are then cleared to the 

bloodstream (or the lymph) where further degradation occurred for intact and degraded proteins. 

Degraded proteins within macrophages or airspaces could also be transported through epithelial 

cells or undergo other cycles of uptake and release by AMs and epithelial cells. The fate of PEG30 

in mouse lungs was reasonably similar to that of PEG30-rhDNase regarding local distribution and 

retention time, indicating that the PEG moiety influenced the fate of PEG30-rhDNase in the lungs. 

Protection against aggregation is another likely explanation for the lower uptake of PEGylated 

rhDNase. Indeed, because large proteins are poorly absorbed through the lungs, they are prone to 

aggregation and precipitation in lung lining fluid thus accelerating their uptake by alveolar 

macrophages [39]. Stability studies in BAL revealed that PEGylation only conferred slight 

protection to rhDNase against aggregation and loss of activity in the absence of calcium ions but 

not in its presence. This slight protection might be explained by the inherent high stability of 

rhDNase [49] and resistance to proteases present in lung airspaces. Calcium ions are primordial to 

the stability and function of rhDNase [49, 50]. Its concentration in the commercial product, 

Pulmozyme® is 1mM. Higher concentrations were reported in animal epithelial lining fluid (double 

those in plasma) [4]and CF sputa (1.1 to 3 mM) [5-7]. Therefore, instability due to the lack of 

calcium ions in lung airspaces is unlikely.  
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 BIODISTRIBUTION AND ELIMINATION 

Both native and PEGylated rhDNase were dominantly retained in the lungs until their total 

clearance from the body. The organ distribution did not differ between native and PEGylated 

rhDNase and was recorded in highly irrigated organs. The signal in the liver by NIRF imaging 

peaked around 8 h in vivo for rhDNase and was 8-fold higher compared with PEG30-rhDNase at 

24 h ex vivo. We attributed this higher transient liver accumulation for rhDNase to its higher 

systemic absorption compared with PEG30-rhDNase, where the low absorption prevented its 

significant accumulation in the liver and other distant organs. Higher signals were also detected in 

the heart for rhDNase compared with PEG-rhDNase but not in the kidneys, the spleen or the GI 

tract. Clearance via the urine seemed to be predominant for all compounds as indicated by the 

presence of fluorescence signal in the bladder from early time points until the total clearance of 

compounds from the body; nevertheless, analysis of urines showed that most of the signal 

originated from the free dye and degradation products rather than the intact proteins. 

Contrary to rhDNase, no intact PEG30-rhDNase was detected in urine, indicating an unlikely 

passage of intact PEG30-rhDNase into the urine although this event is not entirely excluded. 

Bauman et al. suggested that this possibility could occur due to the flexibility of the PEG polymer, 

which can extend and follow the protein head through the pores by reputation [51]. It is worthwhile 

to mention that PEGs as large as 40 kDa were detected in the urines of mice, rats, and humans 

[52-54]. It would have been interesting to have stained urine gels for PEG.  

The biodistribution of rhDNase and PEG30-rhDNase after intravenous injection was also 

examined. Data confirmed liver accumulation followed by renal excretion for degraded proteins 

(and intact rhDNase). RhDNase did not persist in the liver for as long as PEG30-rhDNase (5 days 

vs 22 days). Moreover, in vivo data did not reveal a significant distribution of both compounds in 

the lungs. As no ex vivo data are available after IV injection, a typical distribution to other highly 

irrigated organs is expected. The longer half-life and liver retention of PEGylated rhDNase were 

expected and are likely the result of the increased protein size and thereby the reduced glomerular 

filtration and possible protection against proteolytic degradation of PEGylated rhDNase [55-58]. 

In summary, the presented work showed that the lower uptake and transport across epithelial cells 

contributed to the longer retention of PEGylated rhDNase in the lungs. The mucociliary clearance 

contributed to the clearance of both forms of rhDNase at early time points; however, indifferently. 

AMs intervened early after instillation and their role became more apparent over time, especially 

for PEGylated proteins as they resided longer in airspaces. The contribution of uptake and 

transport by epithelial cells in the clearance process is likely more significant as they outnumber 
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AMs in a ratio of ca. 10 to 1 [44]. Degradation of native and PEGylated rhDNase occurred within 

the lungs but also after absorption in the liver and perhaps the serum. Although PEGylation could 

slightly prevent the aggregation and activity loss of rhDNase in BAL in the absence of calcium 

ions, its contribution might not be that significant in normal or even diseased lungs where calcium 

concentrations are sufficiently high. Finally, the more proteolytic environment and a higher number 

of macrophages and other immune cells associated with inflammation in the lungs of patients with 

CF would not change the trend of longer retention of PEGylated rhDNase compared with 

rhDNase in the lungs.  
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III. LIMITATIONS AND PERSPECTIVES 

 FLUORESCENT LABELLING  

A limitation in our studies is the fluorescence labelling. All proteins were labelled using NHS 

chemistry (N-hydroxysuccinimide) in which the NHS-dye reacts with the primary amines (lysine 

residues) of the protein at pH 7.0–9.0. This reaction is fast, have a high yield, and is random, 

especially at pH values close to 9.0 [59]. In addition to the N-terminal amine, rhDNase has 6 lysine 

residues, making the maximal number of dye attachment sites 7 in theory (some are not accessible) 

[60]. Since the N-terminal is an easier target for dye coupling, the labelling pattern could slightly 

differ between PEGylated and non-PEGylated rhDNase as the N-terminal is occupied by the PEG 

molecule in the latter. Our practice resulted in a degree of labelling of 1 to 1.5 (molecule of dye per 

molecule of protein). Labelled native and PEGylated rhDNase were less active than the 

corresponding unlabelled proteins. However, the decrease affected both proteins similarly and was 

more pronounced for VivoTag dye (1.18 kDa) compared with rhodamine (0.53 kDa). Careful 

purification steps were performed to ascertain the purity of the compounds and the absence of 

aggregates. 

The fate of free dyes controls in vivo were significantly different from the tested proteins and PEG. 

This means that the fluorescence signal reflects somehow the fate of proteins and PEGs and not 

simply the detached dye as this latter is likely to be cleared rapidly once detached. Moreover, the 

dye was coupled to the protein moiety for native and PEGylated rhDNase. Therefore, the fate of 

PEG-rhDNase might not necessarily reflect that of the PEG moiety in case this latter is detached 

from the protein. Despite these possible artefacts, apparent differences could be observed among 

tested compounds showing the usefulness of the fluorescence labelling strategy in our experiments.  

 RHDNASE AS A PROTEIN MODEL 

The scope of this work is limited to only one protein, rhDNase. RhDNase is an extracellular 

glycoprotein with a MW of 37 kDa and pI around 4.58 [60] making it negatively charged at the 

slightly acidic pH of the respiratory tract [32]. Moreover, there is not known receptors of rhDNase 

on lung cells, which might limit its uptake and transport across the lungs by receptor-mediated 

transport.  

In view of our findings, the PEGylation of other proteins would also decrease their absorption by 

increasing their size and decreasing the interaction with cell membranes or receptors on the cell 

surface. The fate of proteins that tend aggregate in lungs and interact with the mucus might be 
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more likely impacted upon PEGylation. In fact, all PEGylated proteins in the literature were 

retained longer in the lungs. These proteins are: Fab/F(ab’)2 fragments (~ 50 kDa, pI > 6.5) [9-11], 

rhGCSF (18 kDa, pI = 6.1) [33], and IFNα2b (19 kDa, pI ≥ 5.7) [34]. 

Other proteins with different sizes and properties (hydrophobicity, pI, cell receptors) should be 

assessed to have a broader view on the fate of proteins and their PEGylated forms in the lungs. 

Most therapeutic proteins have a pI of 4.5 to 9, with most antibodies in the range of 7 to 9 [61]. 

Proteins such as antibodies (150 kDa, pI 7-9), lactoferrin (80 kDa, pI 8.6), albumin (68 kDa, pI 

4.7), AAT (52 kDa, pI ~ 4.5), nanobodies (~ 15 kDa), as well as classic peptides such as insulin 

(5.8 kDa, pI 5.3) could be used as examples.   

 TWEAKED PEGS 

Mechanistic studies have shown that the more extended retention of PEGylated rhDNase was 

greatly influenced by the lower absorption across epithelia and the decreased uptake by lung cells 

(i.e. AMs and epithelial cells). We hypothesised that these effects are ascribed to the hydrophilic 

nature and the larger hydrodynamic size of PEG, the larger the PEG the better. However, large 

PEGs are also more likely to accumulate in cells and tissues. Therefore, synthesising polymers that 

could induce similar effects i.e. less absorption and cell uptake, without the tendency of 

accumulation in tissue would beneficial. Such polymers would have ideally a large hydrodynamic 

size, neutral or negative charge, do not have receptors on pulmonary cells, and are more readily 

cleavable or degradable inside cells. This could be achieved by using repetitive units (n) of PEGs 

of low MW (α kDa) separated by cleavable linkers, where 𝑛 ×  𝛼 ≥ 20. Several degradable PEGs 

have been developed by introducing disulphide bridges, acid-labile acetals, amide bonds and others 

between oligomeric PEG units [62-67]. However these PEG derivatives suffer from several 

problems: a) they change properties upon adding cleavable linkers, b) they are ill-defined products, 

c) could not achieve large polymer size, d) are not very stable at physiological pH, e) not applicable 

to proteins, or f) did not demonstrate beneficial pharmacokinetics in vivo [62-67]. More details about 

PEG alternatives could be found in Pelegri-O’Day et al. [68]. 
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 DOSE 

The doses used for in vivo experiments were in the range of 1-2 nmol. Despite being much higher 

than those used in the efficacy studies (≤ 0.14 nmol); even higher doses were shown to be safe in 

the signal dose toxicity studies (2.7 nmol) [40]. In fact, high doses may change the clearance pattern 

of proteins compared to low doses. Lombry et al. found that increasing doses of IgG by 

intratracheal instillation to rats led to a decrease in the relative bioavailability [40].  

The long residence times observed at high doses by imaging were surprisingly not different from 

those gleaned from the pharmacokinetic studies at low doses. One possible explanation is that the 

ELISA method used in pharmacokinetic studies is more sensitive than fluorescence. High doses 

were selected based on a pilot study and were deemed necessary to obtain signals above the 

background autofluorescence. The lungs are notoriously autofluorescent in the green channel; 

these properties have even been exploited for label-free imaging of the lungs in mice [69-72]. In 

hindsight, fluorophores of higher excitation/emission wavelengths (in red or near infra-red region) 

would have been preferred for the labelling proteins in the confocal studies. In fact, the 

autofluorescence of lung tissue (data not shown) was lower when excited with 551nm and 633 nm 

laser compared with 488 nm (green channel).  

 OF MICE AND HUMANS 

The respiratory system is one of the systems where mice and humans differ to some extent. There 

are many anatomical and physiological differences, such as the branching pattern, relative airways 

diameters, breathing frequency, cell types, and cell distribution. Many of these differences are 

compensatory for the differences in size and metabolic rate [73]. Among rodents, rats are better 

models for predicting the pharmacokinetic data of inhaled drugs in humans. Due to the small 

number of comparative studies in the literature between humans and pre-clinical animal models 

for inhaled drugs, accurate projections from mice to humans are difficult to make. Phillips et al. 

demonstrated that allometric scaling based on body mass is useful in predicting the efficacious dose 

of small drugs from rodents to humans [74]. The mucociliary clearance is faster in rodents than in 

larger mammals (2-3 fold); however, AMs are 2-3 fold larger in humans [42, 75]. Despite the 

significant differences between species, the optimal size of aerosol particles for alveolar deposition 

is not significantly influenced [75]. Freches et al. compared the residence time of PEGylated anti-

IL-17A Fab’ in mice, rats, and rabbits and noted no significant differences among species, however, 

a tendency to longer residence times in larger species was seen [42]. We assume that other factors 
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affecting the differential retention of PEGylated and native rhDNase such as absorption across 

epithelial cells and uptake by AMs macrophage to be relatively conserved across species. Therefore, 

the longer retention of PEGylated rhDNase in the lungs would also be somehow preserved.  

 HEALTHY VS CF LUNGS  

The results of the efficacy studies in β-ENaC mice suggest that PEGylated rhDNase was retained 

longer in mouse lungs [13]. β-ENaC mice (a murine model for CF) suffer from chronic airway 

inflammation and mucus obstruction due to altered water and Na+ transport across airway 

epithelia similar to that observed in human CF patients. These mice have higher DNA content and 

inflammatory cytokines than wild type mice [76]. Studying the fate of proteins in β-ENaC mice 

would have been useful; however, due to the breeding difficulties, these mice were prioritised for 

the efficacy studies. In the following paragraph, we discuss the impact of altered parameters in CF 

lungs that could impact the fate of rhDNase and PEGylated rhDNase, namely, the mucociliary 

clearance, inflammation, proteases, and rhDNase inhibitors in airspaces. 

We have suggested that the lower diffusion rate of PEGylated rhDNase compared with rhDNase 

in healthy mucus and CF sputa would have no impact on the mucociliary clearance of both proteins 

in vivo. This impact would be even less in patients with CF where the mucociliary clearance is 

compromised and might not be improved by rhDNase [77, 78]. Moderate to severe obstructions 

of the airways would limit the penetration of aerosol to the distal airways and alveolar region and 

therefore undermine the role of absorption and AMs in the clearance of both proteins. This could 

eventually lessen the advantages of PEGylated rhDNase over rhDNase.   

The inflammation process in CF lungs is associated with an influx of immune cells and neutrophils 

in particular, and the activation of AMs. Neutrophils represent up to 70% of the inflammatory cell 

population [79]. This could be in favour of the longer retention of PEGylated rhDNase assuming 

a lower uptake of PEGylated rhDNase by neutrophils and other immune cells. Neutrophils are 

also the origin of most proteases in lung airspaces such as neutrophil elastase (NE), Proteinase 3, 

and matrix metalloproteinases (MMPs) [79-81]. Studies conducted in our lab have shown that 

rhDNase is quite resistant to NE and Proteinase 3 in the presence of calcium ions (unpublished 

data). Moreover, Guichard et al. have shown that PEGylation increased the stability of rhDNase in 

CF respiratory secretions, but did not prevent its inhibition by globular actin (G-actin), a potent 

inhibitor present in CF sputa [5].  
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 OTHER EXPERIMENTAL LIMITATIONS (TABLE 1) 

Intratracheal instillation was used for the delivery of all compounds throughout the study. Solutions 

tend to be deposited in the central airways and give a regional heterogeneity compared with 

inhalation where the compounds are distributed more homogenously and reach the distal airways 

and alveolar regions and therefore result usually in higher availability. Although confocal imaging 

showed the presence of compounds in distal and alveolar regions, the distribution throughout the 

whole lungs was not homogenous. Depositing samples centrally would lessen the uptake by 

macrophages and epithelial cells and accelerate the mucociliary clearance; however, it might not 

affect the longer retention of PEG30-rhDNase in the lungs compared with rhDNase. Studying the 

fate of proteins by inhalation would be interesting. Considering the very low deposition rate by 

inhalation in small animals (< 3 %), conducting a study of the kind would be expensive. Using 

bovine DNase I or more affordable proteins could alleviate the costs.  

AMs are less numerous than epithelial cells; however, they have more active endocytosis which 

might affect the fate of large proteins. The rate of uptake and transport across epithelial cells could 

be far more important for small proteins and peptides as well as for proteins transported rapidly 

through receptors. A way to assess the relative contribution of macrophages vs epithelial cells in 

vitro is to compare the uptake rate of native and PEGylated proteins in both cell lines in immersion 

to have quick answers, or ideally set up co-cultures of epithelial cells and macrophages at ALI. 

Proteins could also be administered in vivo, then the uptake by different cell types will be assessed 

ex vivo after digestion of lungs and analysis of the uptake in different cell populations by flow 

cytometry.  

FRAP gives useful information on the diffusion and binding properties of proteins to the mucus, 

however, it does not take into consideration the deposition step where aerosol particles come into 

contact with the mucus surface first. FRAP does not assess the partition of the drug between mucus 

and other media such as surfactant and periciliary liquid found in in vivo situation. Transport studies 

through inserts have the advantage to add an aqueous layer underneath the mucus, however, the 

thickness of the mucus is high (100 µm vs < 55 µm) and the Transwell® membrane adds an extra 

barrier causing further transport delay and might adsorb proteins differently; however, this last 

artefact was not significant between native and PEGylated rhDNase.  

Lung surfactant is the outermost layer in the alveolar region; therefore, it might alter the fate of 

inhaled therapies in the air lumen or constitute a considerable hurdle to the efficient absorption. 

Preliminary data (Figure S1) showed that lung surfactant (Curosurf™) caused a loss of activity of 

rhDNase and PEG30-rhDNase. The loss of activity was proportional to the concentration of the 
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surfactant in the solution. The in vivo relevance of the concentrations used, the role of different 

constituents (lipids and proteins) and the nature of interactions between the surfactant and 

PEG(rhDNase) have not been yet explored and deserve further investigation 

Finally, typical BAL uses 1 ml of solution in mice; this large volume dilutes the lung lining fluid for 

mice (≤ 15 µl) and therefore might not reflect accurately the in vivo conditions [75]. More relevant 

information could be obtained by instilling fluorescently labelled proteins then collecting the BALs 

to assess aggregates and potential degradation products in airspaces by SEC or SDS-

PAGE/followed by imaging. 

. 

 



 

 

Table 1. Experimental limitations and possible improvements 

Experiment Advantages Limitations Improvements / Alternatives Cons 

Instillation 
- Controlled dose 
- Needs small doses 
- Bypass nose and mouth 

- Unnatural and invasive  
- High volume relative to ELF   
- Non-uniform distribution  
- Underestimate absorption 

- Use aerosolisation, which is more 
physiologically relevant. 

- Poor control of dose 
- Significant losses due to low 
deposition  
 

Confocal 
imaging 

- Easy, fast, and economical 
- Show the main features of the 
lung  
- Minimal processing 
- Trace up to 2 proteins using 
different dye for each. 

 
- Possible sample washout   
- Interference 
- Poorly quantitative 

- Use vibratome/ microtome  
- IHC 
- Multiphoton microscopy and other 
3D fluorescence  

- Spongy texture; OCT might change 
the local distribution of proteins and 
wash out compounds. 
- Time-consuming 
- Scan limited areas of the lungs 

NIRF imaging 
(epifluorescence) 

- Easy and informative  
- Longitudinal study  
- Good sensitivity   

- Underestimated amounts in 
deep organs  
- Follow the tracer instead of 
the protein 
- Interference  

 -Transillumination mode (less 
interference)  
- Couple with CT 
 
- PET/SPECT 
 

- Time consuming and less sensitive 
- Low resolution 
- Slow image acquisition 
  
- Radiolabelling/ionising radiations 
  

Uptake by 
macrophages 

- In vivo relevance  
- Mechanistic studies in vitro 

- Only murine model used 
- Immersed cells 
- No ELF or mucus  

- Use human macrophages 
- Use macrophages at ALI  
- Co-culture with epithelial cells 

- More difficult to set up and validate 

Transport across 
Calu-3 cells 

- ALI mimics in vivo epithelium 
-  Static model 
-  Extra barrier (membrane) 
-  Deposition of a solution 

- Use dynamic model 
- Use aerosols for exposure 

- Difficult to set up 
- More expensive 
- Requires special device 

FRAP 

Advantages: 
- Tracheal mucus easy to obtain 
- Measures diffusion rates and mobile/immobile fractions  
- No extra barriers (i.e. insert membrane, filters) 

Limitations: 
- Proteins are pre-mixed in the mucus before measurement   
- Does not assess the partition and transport across different media 
- In-house set-up 

Transport across 
mucus layer 

- Easy set-up 
- Can be exposed using aerosols 
- Assess the transport from the mucus to the aqueous solution  

- Mucus preparation might change its properties 
- Presence of extra barrier represented (insert membrane) 
- Thick mucus layer  

CT, computerised tomography; ELF, Epithelium lining fluid; FMT, fluorescence molecular tomography; IHC, Immunohistochemistry; OCT, Optimal cutting 
temperature compound; PET, positron emission tomography; SPECT, Single photon emission computed tomography  
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 TOWARDS THE CLINIC  

In recent years, remarkable progress has been made towards treating the underlying cause of CF. 

Small molecules known as CFTR modulators can target specific mutations in patients with CF [82, 

83]. They can be classified into five main groups: potentiators, correctors, stabilisers, read-through 

agents, and amplifiers [82, 83]. Only four drugs from the first two categories have reached the 

market [28, 29]. Potentiators improve the activity of the channel while correctors ensure the proper 

protein trafficking to the cell surface [83]. Kalydeco® (ivacaftor, a potentiator) was approved in 

2012 for patients with G551D-CFTR mutation affecting 5% of patients with CF [82]. In 2015, 

Orkambi® (ivacaftor and lumacaftor, a corrector) was approved in F508del-homozygous patients 

aged ≥ 12 years [82]. In 2018, Symdeko ® (ivacaftor and tezacaftor, a corrector) was approved in 

F508del-homozygous patients or those with at least a single copy of one of the 26 CFTR mutations 

that respond to ivacaftor and tezacaftor [84]. More recently, Trikafta® (ivacaftor and two 

correctors, elexacaftor and tezacaftor) was approved in patients 12 years and older with at least one 

copy of the F508del mutation present in about 90% of patients [85].  

Physiotherapy, antibiotics and inhaled mucolytics are the pillars of the current symptomatic 

treatment of CF lung disease [86]. CFTR modulators are not intended to substitute the current 

standard therapy of CF in which rhDNase plays an essential role and is expected to be used for the 

coming years [87]. Moreover, CFTR modulators are prohibitively expensive, their clinical response 

is variable, and their long-term efficacy and safety are not known [13]. 

Even though PEGylated rhDNase might appear as an improvement of rhDNase, from a regulatory 

point of view, it is considered as a new drug entity and, therefore, requires going through the 

traditional phases of clinical trials as any other drug. Moreover, PEGs of large MW have not been 

approved for lung delivery yet, meaning that extensive pre-clinical toxicology studies will have to 

be undertaken before clinical trials are authorised. Small PEGs (e.g. 600 Da) are currently included 

in inhalation products such as cromoglycate (Lomudal®) as excipients, showing the safely of the 

nature of PEG to the lungs [88]. PEG of 3.35 kDa MW was shown to have a low to mild toxicity 

in rats, manifested as alveolar histiocytosis and vacuolated macrophages at doses equal or higher 

than 567 mg/m3 after 6 h daily exposure for 2 weeks (5 days a week) [89, 90]. Recent work of 

Guichard et al. has demonstrated the tolerability of PEGylated rhDNase in short and long term 

toxicity studies in mice [13]. These results are promising; however, further in-depth studies in bigger 

rodents and non-rodent species such as rats and dogs, respectively, are warranted [91, 92]. 
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One considerable advantage for PEGylated rhDNase is the availability of data from the 

development of dornase alfa (Pulmozyme®) which would save lots of efforts in designing the trials. 

It is also more straightforward to keep the same formulation and target the same population of 

patients with CF, those with a forced vital capacity (FVC) ≥ 40% of predicted.  

CF is a rare disease with a prevalence of 7.97/100 000 in the USA and 7.37/100 000 in Europe 

and the United States [93]. The total number of patients based on the current population is around 

55,000 and 26,000 in Europe and USA respectively. The low number of patients, presence of 

underlying comorbidities, and competing clinical trials limit the access to patients and makes 

conducting multicentric clinical trials across several countries (e.g. Europe) almost inevitable. Other 

difficulties of clinical trials also apply, such as patients’ selection and recruitment, randomisation, 

dropouts, and high costs.  

Selecting the right dosage for PEGylated rhDNase might be the most strategic decision. Currently, 

rhDNase is given once or twice a day using jet or vibrating mesh nebulisers [13]. The longer 

residence time of PEGylated rhDNase in the lungs could translate into using lower doses or less 

frequent inhalations. Using less frequent inhalations such as once weekly, would be more beneficial 

to patients provided the same efficacy is demonstrated in humans. Opting for reduced daily doses 

of PEGylated rhDNase might not be the best option as patients might stick to current dornase alfa 

therapy. 

The efficacy study of PEG30-rhDNase in mice showed that the frequency of administration could 

be reduced to once per week [13]. Pursuing this avenue, it would be more straightforward to keep 

the same formulation and delivery method as the current rhDNase.  

Depending on the devices, the administration process takes from 3-10 min for the delivery of a 

dose of 2.5 mg at 1 mg/ml [94]. Because of the good solubility of rhDNase and PEG30-rhDNase 

(at least 15-20 mg/ml), formulating more concentrated solutions would reduce the solution 

volumes and therefore the nebulisation time. However, because of the dead volume in most 

nebulisers (up to 100 µl), using very low volumes is to be avoided. Decreasing the delivery volume 

to less than 100 µl will open doors to using multidose devices [95]. Respimat®, for instance, has a 

capacity of 15 µl [96]; therefore, a single inhalation could deliver the daily dose of PEG30-rhDNase, 

considering using 20% of the current rhDNase dose and a PEG30-rhDNase solution of 30 mg/ml 

instead of 1 mg/ml. Using less concentrated solutions and several puffs in a single session or 

multiple daily doses will not be a problem because of the ease of administration by such a device. 

The problem with multidose systems is that they require using preservatives that are safe for the 
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lungs and compatible with the proteins [95] as well as assuring the protein stability at high 

concentrations. 

Dry powder inhalers (DPI) are more convenient and portable, and the formulations are more stable 

in general [35]. However, these latter are device-specific and more challenging to formulate, which 

may add more barriers to fast clinical development [95]. DPI are not recommended for frail 

patients, not desired by some patients, and not adapted to emergencies. Moreover, dry powders 

formulation has been tested for rhDNase by spray-drying with and without lactose [97]. However, 

in the presence of lactose, the powder tends to crystallise affecting its dispersibility [97].      
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SUPPLEMENTARY MATERIAL 

The stability of rhDNase and PEG30-rhDNase was assessed in the presence of commercial 

porcine lung surfactant Poractant alfa (Curosurf™; Chiesi Farmaceutici SpA, Parma, Italy). 

Solutions of 1% or 5% (v/v) of Poractant alfa in 150 mM NaCl, 1 mM CaCl2 were spiked with 

rhDNase or PEG30-rhDNase at 2.7 µM (equivalent to 100 µg/ml of rhDNase). Solutions were 

transferred to 1.5 ml Eppendorfs, sealed, and incubated at 37 °C for 4, 8, 24, 48, or 96 h in a humid 

chamber. At the end of the incubation time, samples were stored at -20 °C until analysed by MG 

assay. For this, samples were diluted to a nominal concentration of 5.4 nM (equivalent to 200 ng/ml 

of rhDNase) in 96 well plate then the assay proceeded as described in chapters II and III.  

 

Figure S 1. Stability of rhDNase and PEG30-rhDNase in contact with porcine lung surfactant. 
rhDNase (A and C) and PEG30-rhDNase (B and D) were incubated for 4, 8, 24, 48, or 96 h at 37 
°C in the presence of 1% (A and B) or 5% (C and D) of Poractant alfa (v/v) in 150 mM NaCl, 1 
mM CaCl2. The enzymatic activity was assessed by MG assay. Data are expressed as mean ± SEM 
(n = 3). In the presence of 1% of surfactant, the loss of activity of rhDNase and PEG30-rhDNase 
was only observed at 96 h and was slightly higher for rhDNase. At 5%, the loss of activity was 
almost immediate for both rhDNase and PEG30-rhDNase, with this later being slightly less 
affected at time 0 h. Poractant alfa (Curosurf™) is a modified porcine surfactant preparation; it 
contains 74 mg/ml of phospholipids, 0.9 mg/ml of low MW hydrophobic proteins, 9 mg /ml of 
NaCl, and sodium bicarbonate.
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