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ABSTRACT

Conjugation to high molecular weight (MW > 20 kDa) polyethylene glycol (PEG) was previously shown to
largely prolong the lung residence time of recombinant human deoxyribonuclease I (thDNase) and improve its
therapeutic efficacy following pulmonary delivery in mice. In this paper, we investigated the mechanisms pro-
moting the extended lung retention of PEG-rhDNase conjugates using 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 inter-
face. 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 in vivo at 24 h due to
the higher availability of PEGylated rhDNase in lung airways at 24 h compared with rhDNase, which is cleared
faster. 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 PEGy-
lated 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.

1. Introduction

Despite this success, therapeutic proteins face several challenges,
including instability, short half-life, immunogenicity, and low penetra-

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 (Carter, 2011; Walsh,
2014). Currently, the number of approved products with distinct active
protein ingredients exceeds a couple of hundred products, and many
more are in clinical trials (Walsh, 2018).

tion through biological barriers (Zaman, 2019; Kintzing et al., 2016).
Several of these drawbacks could be overcome by conjugation to natural
or synthetic polymers (Zaman, 2019). PEGylation, defined as the cova-
lent coupling to polyethylene glycol (PEG) chain, is the prevailing pro-
tein modification strategy with the most clinical success so far. As per
early 2020, over 15 PEGylated proteins have been approved by the FDA

Abbreviations: ALI, air-liquid interface; BAL, bronchoalveolar lavage; BSA, bovine serum albumin; CF, cystic fibrosis; D70, rhodamine B isothiocyanate-Dextran of
average MW 70 kDa; DMEM, Dulbecco’s Modified Eagle Medium; DOL, degree of labelling; DPBS, Dulbecco’s phosphate-buffered saline; FD40, fluorescein iso-
thiocyanate-dextran of average MW 40 kDa; FD70, fluorescein isothiocyanate-dextran of average MW 70 kDa; FRAP, fluorescence recovery after photobleaching;
HBSS, Hank’s Balanced Salt Solution; HEPES, 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid; LDH, L-lactate dehydrogenase; MG, methyl green; pl, isoelectric
point; MW, molecular weight; OD, optical density; PBA, DPBS with 1% BSA; PBS, phosphate buffer saline; PEG, polyethylene glycol; PEG20, linear 20 kDa poly-
ethylene glycol; PEG30, linear 30 kDa polyethylene glycol; PEG40, two-armed 40 kDa polyethylene glycol; RFU, relative fluorescence unit; rhDNase, recombinant
human deoxyribonuclease I; SEC, size exclusion chromatography; SEM, standard error of the mean; TEER, transepithelial electrical resistance.
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(Moncalvo et al., 2020; Guichard et al., 2021). All of them are admin-
istered 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 (Hertel et al., 2015). Local delivery to the
lungs allows i) achieving high 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; thereby, iv)
mitigating the risk of systemic side effects (Labiris and Dolovich, 2003;
Osman, 2018).

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 recombinant human DNase I(rhDNase, Pulmozyme®) for the
symptomatic management of CF (Guichard et al., 2021). Because of its
rapid clearance from the lungs, rhDNase is administered once or twice a
day by nebulisation (Guichard, 2017). 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 (Guichard, 2017).

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 (Guichard et al., 2021;
Koussoroplis, 2014; Freches, 2017; Patil, 2018; Cantin, 2002; Mahri,
2020). The larger the PEG, the longer the retention (Guichard et al.,
2021). 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 <24 h for native
rhDNase (Guichard et al., 2021). PEGylation of rhDNase was also re-
ported to enhance its thermal stability (Kovaliov, 2018). Reduced sys-
temic absorption, mucoadhesion, decreased uptake by respiratory cells,
and protection against degradation in the lungs are the main mecha-
nisms evoked to explain the longer retention of PEGylated proteins
(Guichard et al., 2017).

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) (Patton et al., 2004; Gould, 2018; Pfister, 2014). PEGylation has
been shown to reduce the systemic absorption of recombinant human
granulocyte-colony stimulating factor (thGCSF, 18 kDa), [FNa2b (19
kDa), and recently rhDNase following pulmonary delivery in small an-
imals (Mahri, 2020; Niven, 1994; McLeod, 2015). 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) (Patil, 2018).

A wide range of proteins has been shown to be captured by alveolar
macrophages following pulmonary delivery in different species (Vanb-
ever, 2005). This uptake was shown to affect large proteins more effi-
ciently than small proteins and peptides purportedly due to the longer
presence of the formers within the airspaces (Lombry, 2004). Uptake of
PEG and PEGylated proteins by alveolar macrophages in vivo has also
been demonstrated previously (Guichard et al., 2021; Koussoroplis,
2014; Mahri, 2020; Gursahani, 2009; Freches, 2019).

Furthermore, PEGylation with large MW has been reported to confer
mucoadhesion properties to Fab’ antibody fragments (Koussoroplis,
2014; Patil, 2018). 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
(Koussoroplis, 2014; Wanner et al., 1996; Kirch, 2012). 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 (Koussoroplis, 2014).

The purpose of this work was to investigate the impact of PEGylation

International Journal of Pharmaceutics 593 (2021) 120107

of rhDNase on its transport across lung epithelial cells, uptake by mac-
rophages, 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 PEG 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. Mecha-
nistic 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).

2. Materials and methods
2.1. 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) with a degree of labelling (DOL) of
Rhodamine > 0.93. L-lactate dehydrogenase (LDH) from rabbit muscle,
rhodamine B isothiocyanate-Dextran of average MW 70 kDa (D70), al-
bumin from human serum (96-99%), and Fluorescein iso-
thiocyanate-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 ob-
tained from Thermofisher (Gent, Belgium). RIPA lysis buffer was pur-
chased from Abcam (Cambridge, UK). Resource Q 1 ml and HiLoad 16/
60 superdex 200 columns were obtained from GE Healthcare (Bio-Sci-
ences AB, Uppsala, Sweden). Unless otherwise mentioned, other chem-
icals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. 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 (Guichard et al., 2021; Guichard, 2017). Briefly,
commercial rhDNase (Pulmozyme®, Genentech, Inc. CA, USA) was
concentrated to 5-10 mg/ml in 1 mM CaCly, 100 mM CH3CO2Na (so-
dium 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 AKTA™ purifier 10 system then by size exclusion chro-
matography (SEC) on HiLoad 16/60 superdex 200 column (GE Health-
care Bio-Sciences AB, Uppsala, Sweden). rhDNase and PEGylated
rhDNase products were filtered through 0.22 pm PVDF membranes, and
stored at 4 °C in 150 mM NaCl, 1 mM CaCl; as the marketed rhDNase.
Successful mono-PEGylation of rhDNase was previously demonstrated
by our laboratory using sodium dodecyl sulfate polyacrylamide gel
electrophoresis and matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (Guichard, 2017). The yield of the final
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purified mono-PEGylated rhDNase varied between 20 and 40% of the
starting amount of rhDNase.

2.3. 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 h. The mixtures were ridded of
the excess unreacted dye by dialysis against 1 mM CaCly, 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 CaCly, 150 mM NaCl as eluent,
concentrated by ultrafiltration (Vivaspin® Turbo 15, 5 kDa MWCO),
filtered through 0.22 pm PVDF membranes, and stored at 4 °C in 1 mM
CaCly, 150 mM NaCl (Figure S1 and S2). The same 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 CaCly, NaCl in all steps.

2.4. Transport across epithelial cells

2.4.1. 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 humidi-
fied atmosphere of 5% CO, with medium changes every other day and
passaging at ~ 80% confluency.

2.4.2. Culture of Calu-3 on Air-Liquid interface (ALI)

Calu-3 cells were seeded at a density of 1 x 10° cells/cm? on
Transwell® inserts (PET, 1.12 cm?, 0.4 pm pore size; Corning Life Sci-
ences, 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 ul). The medium on the basolateral side was changed 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 per-
formed using EVOM meter with chopstick electrodes (World Precision
Instruments, Stevenage, UK). For this, cells were equilibrated in HBSS by
adding 500 pl in the apical side and 1500 pl in the basolateral side. The
monolayer integrity was confirmed by TEER values > 450 Q.cm?.

2.4.3. Transport across Calu-3 cell monolayer

On the experiment day, TEER measurements were taken, and the
basolateral side was changed with 500 pl of fresh medium. 5 pl con-
taining 270 picomols of rhDNase (10 ug), PEG30-rhDNase, D70, or
PEG30 in 1 mM CaCl,, 150 mM NaCl were applied directly on the apical
side of Calu-3 cells. Transwell® inserts were then incubated at 37 °C and
5% CO, without shaking. Zero, 2, 4, 8, 12, and 24 h post-exposure, 100
ul of the medium was sampled from the basolateral side of each Trans-
well® insert and replaced by 100 pl of fresh medium. At 24 h, the
basolateral medium was recovered, and the apical side was gently
washed with HBSS (2 x 500 ul). TEER was measured again as described
above. All cell layers maintained a TEER > 450 Q.cm?. Finally, cells
were detached with trypsin, washed, and each cell sample was divided
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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 pl 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, Frick-
enhausen, 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 com-
pounds 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).

2.4.4. 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 (Guichard, 2017; Sinicropi,
1994). 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 pl 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 di-
lutions on the 96-well plate then 50 ul 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 pl of diluted samples were incubated with 100 pl of
DNA-MG solution for 6 h along with controls of rhDNase and PEG30-
rhDNase of known concentrations.

2.4.5. Uptake by Calu-3 cells in immersion

Calu-3 cells were seeded in 24-well plates at a cell density of 2 x 10°
cell/well and incubated at 37 °C and 5% CO,, until near-confluence. Cells
were then exposed to 162 nM of rhDNase (6 pg/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.

2.5. In vivo uptake by alveolar macrophages

2.5.1. Animals

All experimental protocols were approved by the Institutional Ani-
mal 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 conven-
tional housing conditions and were allowed at least one week of accli-
mation before being used for experimentation between 7 and 8 weeks of
age.

2.5.2. Intratracheal instillation

One nmol of rhodamine-labelled LPS-free rhDNase (37 pg), PEG20-
rhDNase (57 pg), PEG30-rhDNase (67 pg), or PEG40-rhDNase (77 nug)
were administered to mice by intratracheal instillation. Control mice
received the vehicle solution (1 mM CaCl,, 150 mM NacCl). For instil-
lation, mice were anaesthetised by intraperitoneal injection of
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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-Century - Model LS-2, Philadelphia, USA).
25 + 2 pl of compounds (containing 1 nmol of protein) or control were
administered intratracheally into the lungs using a precision syringe
(100 pl, Model 710, Hamilton, Bonaduz, Switzerland) followed by an air
bolus of 200 pl (1 ml syringe, HSW SOFT-JECT®, VWR International
BVBA, Leuven, Belgium). Immediately after instillation, mice were
placed in an upright position for 20-30 s before being transferred back
to their cage.

2.5.3. 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 cat? or
Mg*2). BALs were centrifuged at 300 g for 5 min; then, 500 pl 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 ul 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 pg 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).

2.6. In vitro uptake by macrophages

2.6.1. 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% CO5 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 me-
dium 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 10° cells/well and incubated overnight at 37 °C and 5% CO,
before exposure to test compounds or controls.

2.6.2. Effect of PEGylation and PEG size on uptake by macrophages

MHS and J774 cells were exposed to 500 pl of 162 nM of rhDNase (6
ug/ml), PEG20-rhDNase, PEG30-rhDNase, or PEG40-rhDNase for 4 h.
Since there was no significant difference in the uptake of PEGylated
rhDNase products in vitro at 4 h, only the uptake of PEG30-rhDNase was
further tested at 24 h by MHS cells. 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 pl 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 For-
tessa using 561 nm (yellow-green laser). Data were analysed with
FlowJo software (TreeStar, Ashland, OR, USA).

2.6.3. Characterisation of endocytosis pathway

Effect of temperature. MHS and J774 were exposed to 162 nM (500
ul) of rhDNase or PEG30-rhDNase for 30 min either at 4 °C or 37 °C and
5% CO,. Time was kept short (30 min) to avoid potential cell damage
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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 ul) of
rhDNase or PEG30-rhDNase then incubated at 37 °C and 5% CO, 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 10°
cells/well in 24 well-plate; next day, cells were exposed for 2 h to
increasing concentrations (0.94-30 uM) of rhDNase, human 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 ul of chilled RIPA lysis buffer. Plates were
shaken for 10 min. 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 super-
natants were determined by measuring the fluorescence at 555/580 nm
(ex/em) (SpectraMax i3, Molecular Devices, CA, USA) against the cor-
responding calibration curve in RIPA lysis buffer. The uptake was re-
ported 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 abounds 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 pM, albumin MW 65 kDa).

Rate of uptake is expressed in pl/mg/h. It was calculated as the slope
of uptake vs concentration / exposure time (2 h). Only the linear range
of the slope of uptake vs concentration (0-15 pM) was considered.

Similar experiment was performed by flow cytometry for rhDNase,
PEG30-rhDNase, albumin, and D70. MHS cells were seeded at 0.5 x 10°
cell/well in 48 well-plate. After 2 h of exposure to 0.94-30 uM of
compounds, cells were washed, detached, and analysed by flow
cytometry as described above.

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 (Li, 2015; Kooistra et al., 1981).
MHS and J774 cells were exposed to 162 nM (500 pl) of rhDNase,
PEG30-rhDNase, or controls for 4 h at 37 °C and 5% CO- 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).

2.7. Diffusion of proteins and dextran in porcine mucus and CF sputa

2.7.1. 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 (Cin-
golani, 2019; Algahtani, 2020). Briefly, trachea 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 min and centrifuged at 14, 000 g at 4
°C for 15 min. 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).

2.7.2. Protein labelling
FITC (5/6-fluorescein isothiocyanate) was used for labelling
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rhDNase, PEG20-rhDNase, PEG30-rhDNase, and PEG40-rhDNase. The
labelling reaction was performed in a solution of 1 mM CaCl, in PBS (pH
adjusted to 8.5). All other steps were carried out as described for NHS-
rhodamine labelling.

2.7.3. 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 F70) 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 pl 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 um thickness (S24737, Secure-
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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 um was photobleached using an intense laser beam. The
laser power was adjusted to obtain a bleaching parameter Ky 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

B) Cumulative transport across Calu-3
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Fig. 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 (one or two-way ANOVA, Tukey’s posthoc test). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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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 um. 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. (Braeckmans, 2003) using in-house code
in Matlab (The Matworks, Natick, MA, USA). In this model, the average
fluorescence recovery inside a bleached disc with radius w is described
by:

%:1+(e’Kﬂ—l)[l—e%<lo(2W—;>+Il<2w—;))} ¢))

where Fyis the fluorescence in the disc before bleaching, D is the diffu-
sion coefficient and K, is the bleaching parameter. I and I; are modified
Bessel functions of the first kind of zeroth and first order, respectively.
To take a mobile fraction k(and an immobile fraction 1 —k) into account,
the equation (1) is substituted into the right part of equation (2):

F(t) _ F(1)
F—0_1+k<F—0—1) 2
2.8. 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).

3. Results
3.1. Transport across epithelial cells

In previous work, we have shown that PEG30-rhDNase was less
absorbed systemically compared with rhDNase after intratracheal
instillation in mice (Mahri, 2020). Here we quantified the uptake and
transport of rhDNase and PEG30-rhDNase through Calu-3 cells cultured
at ALI (Fig. 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)
(Fig. 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) (Fig. 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 (Fig. 1C), i.e., respectively
13 to 75 times less than the protein quantities measured by spectro-
fluorimetry (Fig. 1B). However, consistent with the data obtained by
spectrofluorimetry, the concentrations of active PEG30-rhDNase on the
basolateral side were significantly lower compared with those of active
rhDNase both at 4 h and 24 h (Fig. 1C-E). 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
(Fig. 1F).

The uptake of compounds was quantified in Calu-3 cells by flow
cytometry and spectrofluorimetry at the end of the exposure time (24 h).
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The amounts detected in cells were very low and presented <0.12% of
the applied dose for rhDNase, roughly 4 times higher than that of
PEG30-rhDNase, F70, and PEG30 (p < 0.01) (Fig. 2A and B). The
amounts of active proteins in the basolateral side (Fig. 1C) were 5 to 16
times those in the cell layer for PEG30-rhDNase and rhDNase, respec-
tively (Fig. 2B).

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) (Fig. 2C). The uptake of D70 and PEG30 was not
statistically different from that of PEG30-rhDNase or rhDNase.

3.2. 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 (Koussoroplis, 2014; McLeod, 2015; Freches, 2019).
The contribution of alveolar macrophages in the uptake of native and
PEGylated rhDNase was also suggested in vivo in our laboratory (Gui-
chard et al., 2021; Mahri, 2020). Here we further investigated the
impact of PEGylation and PEG size on the uptake of native and PEGy-
lated 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.

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; Fig. 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 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 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) (Fig. 3B). 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 cells
(2-fold vs 1.4-fold), albeit the uptake was overall higher in J744. Since
there was no significant difference in the uptake of PEGylated rhDNase
products by both MHS and J774 cells at 4 h, only PEG30-rhDNase was
chosen to carry out the uptake at 24 h by MSH cells. As expected, and
contrary to what was observed in vivo at 24 h, the uptake of PEG30-
rhDNase by MHS cells was lower than that of rhDNase at 24 h (p <
0.001), consistent with the trend seen at 4 h.

3.3. 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 cells 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; Fig. 4A).

The uptake was also quantified in J774 cells at 37 °C up to 6 h. The
uptake was time-dependent for both proteins and significantly lower for
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Fig. 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 pg), 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.

PEG30-rhDNase in comparison with rhDNase (Fig. 4B). The uptake of
rhDNase, PEG30-rhDNase, albumin, and D70 was additionally studied
over a range of concentrations up to 30 pM at 37 °C in FBS-free medium
(to avoid the potential competition of FBS with the uptake of the studied
serum albumin). Note that albumin is present in the alveolar surface
fluid of healthy lungs (Patton, 1996) and it has been used as a marker for
both adsorptive and fluid phase endocytosis (Ducreux, 2009; Williams,
1975; Lucero, 2020; Hastings, 1995; Longoni, 1998), while D70 is a
well-established marker of fluid phase endocytosis (Elbert, 1999; Mat-
sukawa, 1997).

The uptake of rhDNase, albumin, and D70 was concentration-
dependent and significantly higher for albumin and rhDNase
compared with PEG30-rhDNase, and D70 (p < 0.001) (Fig. 4C and S6).
The uptake of D70 was linear with concentration R? = 0.99); however,
that of rhDNase and albumin showed a saturation trend at the highest
concentrations (30 pM). All compounds exhibited low rates of uptake:
5.91 pl/mg/h (95% CI, 5.22-6.60) for albumin, 4.18 ul/mg/h
(2.92-5.44) for rhDNase, and 1.36 pl/mg/h (1.13-1.59) for D70
(Figure S6).

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 cells (Li, 2015; Kooistra et al.,
1981) (Fig. 4D). Fluid phase endocytosis is a process by which macro-
phages probe fluids from the surrounding microenvironment (Buckley
and King, 2017). 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
(Kooistra et al., 1981; Pratten and Lloyd, 1979; Lloyd and Williams,
1984). 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.

3.4. 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.

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 (Fig. 5 A-C). The diffusion of all compounds was slowed
down in the porcine mucus and CF sputa compared to the buffer (Fig. 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 sputa (p < 0.01; Fig. 5D-F).

Transport experiments across a thin layer of porcine tracheal mucus
spread at the surface of Transwell® inserts (Figure S7) showed that the
half-lives (the time needed for 50% of the initial dose to cross the mucus
layers mounted on inserts) for crossing the mucus layer were qualita-
tively 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.

4. 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 (Guichard et al., 2021). Here, we investigated potential mech-
anisms 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 find-
ings point towards a rather significant contribution of transcellular
transport; however, paracellular transport cannot be excluded.

Proteins could be absorbed through epithelial cells transcellularly in
endocytic vesicles, paracellularly through tight junctions, or both (Pat-
ton et al., 2004; Patton, 1996). We propose that PEGylation with large
PEGs could reduce transport by both pathways. PEGylated proteins are
more hydrophilic than their corresponding unconjugated proteins,
therefore, are likely to interact less with the cell membrane or mem-
brane receptors and thus not taken up by cells as effectively as their
unconjugated counterparts. On the other hand, the relatively small size
of rhDNase (37 kDa, ~ 4.8 nm) suggests that it could be transported by
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Fig. 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 ug/ml of rhDNase) for 4 h or 24 h at 37 °C and 5% CO, 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, Tukey’s posthoc test * for p < 0.05 and *** for

p < 0.001. RFU, relative fluorescence units.

the paracellular route more efficiently than the larger PEG30-rhDNase
(67 kDa, ~ 10 nm) (Mahri, 2020). 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 (Pfister, 2014; Patton,
1996); 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 (Patton, 1996; Matsukawa, 1997; Mathia, 2002).
These findings are in line with our previously published work
showing that both intact rhDNase and PEG30-rhDNase were absorbed

into the blood after intratracheal instillation in mice, however, to a
lower extent for the latter (Mahri, 2020). Patil et al. have also demon-
strated 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
(Patil, 2018). Furthermore, the bioavailability of PEG 12 kDa conjugates
of IFNa2b (19 kDa) and rhGCSF (18 kDa) were respectively 3 and 10-
fold lower compared with their unconjugated counterparts after pul-
monary delivery in rats (Niven, 1994; McLeod, 2015).

While PEGylation has been shown to promote particle evasion from
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Fig. 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 (0.94-30 uM) 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%
CO, 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 one-way ANOVA, Tukey’s posthoc test, * for p < 0.05 and *** for p < 0.001. RFU,

relative fluorescence units.

macrophages (Verhoef and Anchordoquy, 2013; Patel et al., 2012;
Sanders, 2009), such an effect has not been shown conclusively for
PEGylated proteins, although a reduced macrophage uptake of PEGy-
lated Fab’ fragments has been suggested (Koussoroplis, 2014). Direct
quantification of proteins (PEGylated or not) in alveolar macrophages
recovered by BAL following pulmonary delivery did not exceed 3% of
the administered doses (Guichard et al., 2021; McLeod, 2015; Freches,
2019). However, this percentage is probably largely underestimated
because BAL only recovers a small fraction (10%) of alveolar macro-
phages (Freches, 2019). A more significant contribution of alveolar

macrophages was suggested by Lombry et al. who reported a 3-fold in-
crease in the bioavailability of human chorionic gonadotropin hCG
(from 17.6% to 59.7%) after depleting alveolar macrophages from rat
lungs (Lombry, 2004).

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. Surprisingly, a higher concentration of PEGylated rhDNase asso-
ciated with the macrophages was measured 24 h post-delivery in vivo,
opposite to what was obtained in vitro in MHS cells at the same time
point. This observation could be attributed to (i) the prolonged presence
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Fig. 5. Diffusion of FITC-labelled native and PEGylated rhDNase and dextrans through porcine tracheal mucus, CF sputa and buffer by fluorescence recovery after
photobleaching (FRAP). Diffusion coefficient (pmz/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).

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 (Guichard et al.,
2017; Freches, 2019). The former suggestion was confirmed in vitro
where the uptake of rhDNase at 24 h was higher than that of PEG30-
rhDNase in MHS cells. Similarly, higher amounts of PEGylated
rhDNase and Fab’ fragments were detected in alveolar macrophages in
vivo 24 h post-delivery compared to their corresponding non-PEGylated
counterparts (Guichard et al., 2021; Freches, 2019).

The uptake of rhDNase in vitro was energy, time, and concentration-
dependent. Unlike that of dextran, the uptake of both rhDNase and al-
bumin reached saturation at the highest concentration (30 uM), which is
more in favour of adsorptive endocytosis. 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 hydro-
phobic sites on the cell surface (Livesey and Williams, 1981). Both
rhDNase and albumin could be adsorbed to the cell surface, albeit
weakly compared with more positively charged (e.g., LDH) or hydro-
phobic 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 (Yamamoto, 2016). Likewise, we
expect the PEGylated proteins to be less adsorbed onto lipid cell
membranes.

Because macrophages are more efficient in scavenging protein ag-
gregates (Patton et al., 2004), 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
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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 ag-
gregation and loss of activity in contact with BAL in the absence, but not
the presence, of calcium ions (Mahri, 2020). Therefore, we conclude that
the 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 trap-
ping of proteins and dextrans in the mesh-like network of mucus is un-
likely due to the large pore size of tracheal mucus (20 nm to several
micrometres; Button, 2012; Kirch, 2012) relative to the size of our tested
compounds (< 10 nm). In addition, the diffusion rates of proteins in
porcine mucus and CF sputa were several folds slower than that in
buffer. It is possible that the hindrance observed in biological media is
partially caused by the high crosslinking and tortuous pathways of
concentrated mucus and purulent CF sputa (Braeckmans, 2003; Rubin,
2007).

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 pre-
venting interactions with mucus constituents. Contrary to our finding,
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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 (Koussoroplis, 2014; Patil,
2018).

Finally, the mucus layer covering the airway epithelium is 2-55 pm
thick (Sanders, 2009; Todoroff and Vanbever, 2011). 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 um?/s,
Fig. 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.

5. Conclusions

In this work, we have shown that the prolonged presence of PEGy-
lated 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, altered binding to
airway mucus does not appear to be a notable factor affecting its fate in
the lungs.
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