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A B S T R A C T

Pulmonary administration of anti-cytokine antibodies offers a targeted therapy in asthma. However, the rapid
elimination of proteins from the lungs limits the efficacy of inhaled medications. PEGylation has been shown to
increase the residence time of anti-interleukin (IL)-17A and anti-IL-13 antibody fragments in the lungs and to
improve their therapeutic efficacy. Yet, little is known about the factors that affect the residence time of
PEGylated antibody fragments in the lungs following pulmonary delivery. In this study, we showed that the
molecular weight of polyethylene glycol (PEG), 20 kDa or 40 kDa, had a moderate effect on the residence time of
an anti-IL-17A Fab′ fragment in the lungs of mice. By contrast, the site of delivery of the anti-IL-17A and anti-IL-
13 Fab′ fragments within the lungs had a major impact on their residence time, with the deeper the delivery, the
more prolonged the residence time. The nature of the Fab′ fragment had an influence on its residence time as
well and the anti-IL-17A Fab′ benefited more from PEGylation than the anti-IL-13 Fab′ did. Acute lung in-
flammation slightly shortened the residence time of the anti-IL-17A and anti-IL-13 Fab′ fragments in the lungs
but PEGylation was able to prolong their presence in both the healthy and inflamed lungs. Antibody fragments
were predominately located within the airway lumen rather than the lung parenchyma. Transport experiments
on monolayers of Calu-3 cells and studies of fluorescence recovery after photobleaching in respiratory mucus
showed that mechanisms involved in the prolonged presence of PEGylated Fab′ in the airway lumen might
include binding to the mucus, reduced uptake by respiratory cells and reduced transport across lung epithelia.
Finally, using I125-labeled anti-IL-17A Fab′, we showed that the protein fragment hardly penetrated into the
lungs following subcutaneous injection, as opposed to pulmonary delivery.

1. Introduction

Asthma is a disorder of the conducting airways that is characterized
by acute or chronic airways inflammation, mucus production and
airway hyperresponsiveness resulting in airway remodeling [1]. It is
estimated that approximately 10% of the population suffer from asthma

and in Europe alone the total cost of asthma treatment is around 17.7
billion Euro [2]. Asthma results from combination effects of cells of the
innate and adaptive immune systems together with epithelial cells [1].
Various Th1 cytokines like interferon γ, Th-2 cytokines like IL-4, IL-5,
IL-9, IL-13 and Th-17 cytokine like IL-17 are released in the lungs and
their complex coordination induces asthma [1].
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Cytokines play an important role in modulating and maintaining
inflammation in asthma. Thus, blocking cytokines might help to de-
crease inflammation and reduce severity of the disease. Unlike chemical
drugs, monoclonal antibodies (mAbs) offer a highly targeted therapy
owing to their ability to only bind to their specific targets. In line with
this, many mAbs against various cytokines like IL-4, IL-5, IL-13, IL-9, IL-
17 and tumor necrosis factor alpha are clinically investigated and some
are approved for clinical use [3].

Currently, all the clinically approved mAbs for cytokine inhibition
in asthma are delivered by injection. However, mAb concentration in
the lungs is significantly lower after parenteral delivery than after
pulmonary delivery [4]. This effect might be due to poor rate of con-
vective and diffusional transport [5]. Moreover, systemic delivery of the
mAb does not rule out the possibility of systemic side effects such as
serum sickness or cytokine release syndrome which make delivery of
the mAb directly to the lungs an attractive alternative [6].

Inhalation of mAbs offers topical delivery to the lungs and reduces
systemic exposure, thus limiting side effects in secondary organs.
However, factors like mucociliary clearance, uptake of mAbs by al-
veolar macrophages, pulmonary metabolism and the large alveolar
membrane that results in transport of macromolecules to the blood-
stream might limit the efficacy of inhaled mAbs. Mucociliary action is
the predominant mechanism for clearing foreign particulate matter in
upper airways. On the other hand, alveolar macrophages and the large
alveolar membrane cause non-availability of mAbs to perform their
function in the alveolar region [7].

PEGylation is thought to improve the residence time of antibody
fragments in the lungs through mucoadhesion and reduced uptake of
PEG-mAb conjugates by alveolar macrophages [8]. Compared to bio-
degradable microspheres, drug conjugation to PEG allows increased
protein loading and maximization of the inhalation dose [9]. An in-
crease in the molecular weight (MW) of PEG has been shown to prolong
the residence time of the free polymer in the airway lumen [10]. In line
with this, PEGylation of proteins with a PEG chain of increasing size
decreased the systemic bioavailability of the proteins following in-
tratracheal instillation in rats, suggesting their increased retention
within the lungs [11]. Conjugation of a two-armed 40 kDa PEG chain to
anti-IL-17A F(ab’)2 and anti-IL-13 Fab′ greatly prolonged the presence
of these fragments within the lungs of mice and reduced house dust
mite-induced lung inflammation [8]. Therefore, PEG size and archi-
tecture could affect residence of mAb in the luminal side of the lungs
and affect its diffusion to the parenchyma. In addition, two-armed
40 kDa PEG is more effective in protecting the conjugated protein from
degradation by enzymes than a single linear 20 kDa PEG [12]. Proteins
modified with two-armed PEG retain more activity as compared to the
same protein modified with several small linear PEGs [13]. The delivery
site within the lungs could also affect the residence of PEGylated pro-
teins within the lungs [14]. Mucus thickness, type of epithelial and
phagocytic cells and proteases might affect the residence of PEGylated
mAbs.

In this article, we investigated factors that affected the residence
time of PEGylated Fab′ antibody fragments in the lungs: PEG size, site
of delivery within the respiratory tract, nature of the antibody frag-
ment, lung inflammation. Linear 20 kDa PEG and two-armed 40 kDa
PEG were selected for our study based on large MW PEGs already used
clinically [15]. In addition, the clearance mechanisms of antibody
fragments from the lungs were investigated through transport and up-
take experiments in monolayers of Calu-3 cells, a bronchial epithelial
cell line, diffusion measurements in human airway mucus and biodis-
tribution studies of radiolabeled Fab′ in mice.

2. Materials and methods

2.1. PEGylation of Fab′

Anti-IL-13, anti-IL-13-PEG40 and anti-IL-17A Fab′ were kindly

provided by UCB Pharma (Slough, United Kingdom). Site-specific
PEGylation of anti-IL-17A Fab′ was carried out by using linear 20 kDa
PEG-maleimide (PEG20) or two-armed 40 kDa PEG-maleimide (PEG40;
NOF Corporation, Tokyo, Japan) [16,17]. Briefly, anti-IL-17A Fab′ was
reduced by diafiltration (Amicon 8010 stirred cells with 10,000 MWCO;
Merck Millipore, Overijse) against 1 mM β-mercaptoethylamine
(Sigma, Diegem, Belgium) in 0.1 M sodium phosphate buffer, 2 mM
ethylenediaminetetraacetic acid (EDTA), pH 5.9 at room temperature
for 8 h. Reduction generated a free thiol group at the hinge region of the
Fab′ to which PEG-maleimide was attached. The reduction used 8
equivalent sample volumes. β-mercaptoethylamine was removed from
the sample by running > 7 equivalent sample volumes of 0.1 M so-
dium phosphate buffer, 2 mM EDTA, pH 5.9 at room T° for 8 h. The
reduced Fab′ solution was mixed with PEG maleimide at a molar ratio
of 1:1.2 (Fab′:PEG) in 0.1 M sodium phosphate buffer, 2 mM EDTA,
pH 5.9 and left at room temperature under agitation overnight. The
solution was then dialyzed against 20 mM succinic acid, 5 mM NaCl,
pH 4.6 (buffer A) prior to purification by cation-exchange chromato-
graphy (Resource S, 6 ml column, GE Healthcare Bio-Sciences AB) on
an ÄKTA™ purifier 10 system (GE Healthcare Bio-Sciences AB). A salt
gradient elution was used. Buffer A was 20 mM succinic acid, 5 mM
NaCl, pH 4.6 and buffer B was 20 mM succinic acid, 350 mM NaCl,
pH 4.6. Collected fractions were analyzed for multi-PEGylated, mono-
PEGylated and non-PEGylated Fab′ by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) using gradient 4–20% Mini-
PROTEAN®TGXTM precast gel (Bio-Rad), as described previously [17].
Fractions containing mono-PEGylated Fab′ were pooled and con-
centrated using Vivaspin 15R sample concentrator (Sartorius; Stone-
house, Gloucestershire, UK). Concentrated PEGylated Fab′ was recon-
stituted in 2 mM EDTA, 0.1 M sodium phosphate buffer pH 5.9 and
stored at 4 °C until used. Successful mono-PEGylation of the anti-IL17A
Fab′ was previously demonstrated by our laboratory using SDS-PAGE
and matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry [17].

2.2. Radiolabeling of Fab′

Radiolabeling of anti-IL-17A, anti-IL-17A-PEG20 and anti-IL-17A-
PEG40 Fab′ was carried out with Iodine-125 (I125; Perkin Elmer,
Zaventem, Belgium). Protocol for direct iodination was followed using
Pierce™ pre-coated iodination tubes (Thermo Scientific, Gent, Belgium)
as per manufacturer suggestions with few modifications. Briefly, Fab′
fragments were diluted to a concentration of 1 mg/ml using phosphate
buffer saline (PBS), pH 7.4 and 100 μl were added to pre-coated iodi-
nation tubes. Then, 250 μCi of I125 was added to the Fab′ in pre-coated
tubes and the reaction was allowed to proceed under mild agitation for
25 min. The reaction was terminated by removing the reaction mixture
from the tubes and PBS was added to reach a volume of 1 ml. Free
iodine was removed using Sephadex gel filtration columns and PBS as
elution buffer. The radiochemical purity was evaluated by thin layer
chromatography. SDS-PAGE analysis of antibody fragments was per-
formed to evaluate the protein integrity following the direct iodination
procedure.

2.3. Animals

Animal experiments were approved by the Institutional Animal Care
and Use Committee of the Université catholique de Louvain (Permit
number: 2012/UCL/MD/006). In vivo experiments were performed in
7–8 week old female NMRI mice (Elevage Janvier, Le Genest-St-Isle,
France).

Mice (n = 5 to 6 per experimental group) were anesthetized using
ketamine/xylazine (90/10 mg/kg). To determine the impact of the
delivery site on pulmonary residence time in healthy mice, 10 μg of
non-PEGylated or PEGylated Fab′ were delivered to the deep lung or to
central airways, as previously described [14]. Briefly, a laryngoscope
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(Penn-Century Inc., Philadelphia, USA) was used to correctly place the
bended and blunt needle of a 100 μl precision micro-syringe (Hamilton,
Bonaduz, Switzerland) into the trachea. For deep lung delivery, mice
were placed on their back with a tilt angle of 45°. Twenty-five μl of
solution containing 10 μg Fab′ were delivered followed by a 200 μl air
bolus using 1 ml syringe having an angled 18 gauge needle with a blunt
tip. For central airway delivery, mice were placed on their back and
10 μl of solution containing 10 μg Fab′ fragments was delivered slowly
and no air bolus was insufflated. PEG was not counted in the mass
delivered and recovered from the respiratory tract. Therefore, the dif-
ferent mouse groups received the same number of moles of mAb frag-
ments, that is, 0.21 nmol. At pre-determined times following antibody
delivery (immediately, 4 h, 24 h or 48 h), anesthetized mice were sa-
crificed by cervical dislocation and nasal lavage (NAL), bronchoalveolar
lavage (BAL) and lungs were collected. All the samples from mice ad-
ministered with anti-IL-13 or anti-IL-17A and anti-IL-17A-PEG20 were
collected in PBS containing complete protease inhibitor cocktail
(Roche, Almere, The Netherlands). On the other hand, samples from
mice administered with anti-IL-13-PEG40 or anti-IL-17A-PEG40 were
collected using PBS containing complete protease inhibitor cocktail
with 0.1% triton. Triton increases recovery of PEG40-proteins from
biological samples whereas it does not for PEG20-proteins or even
slightly decreases recovery for non-PEGylated proteins [8]. The nasal
lavage was performed by cannulating the trachea toward the nasal
cavity and instilling 1 ml of PBS. The fluid emerging from the nostrils
was collected. The BAL was collected by flushing the luminal side of the
lungs through the trachea with 1 ml PBS three times. The resected lungs
were homogenized in 1 ml PBS using a tissue grinder (Polytron; Kine-
matica, Luzern, Switzerland). All the samples were centrifuged at
5000 rpm and 4 °C for 10 min. The supernatants were collected and
stored at −20 °C until analysis.

The residence time of non-PEGylated or PEGylated anti-IL-17A Fab′
in the inflamed lungs was studied by inducing lung inflammation with
lipopolysaccharide (LPS). Ten micrograms of LPS from Escherichia coli
(Sigma-Aldrich, Saint Louis, USA) in 50 μl PBS were instilled in-
tranasally (25 μl per nostril) [18]. Twenty-four hours after LPS delivery,
mice received 10 μg of antibodies in their deep lungs and samples were
collected as described above.

For biodistribution studies, 10 μg of non-PEGylated or PEGylated
anti-IL-17A I125-radiolabeled Fab′ corresponding to 1.5 μCi was deliv-
ered to the deep lungs of mice (n = 3 to 5), as described above [14].
Similarly, control mice (n = 3) received 1.5 μCi of I125 diluted in PBS to
the deep lungs. To determine the exact amount of injected dose, the
syringe used for deep lung delivery was weighed before and after mAb
delivery. To compare pulmonary delivery with systemic delivery, non-
PEGylated anti-IL-17A Fab′ was also delivered to mice by subcutaneous
injection. Four hours after mAb delivery, blood was collected by retro-
orbital puncture under the anesthesia of ketamine/xylazine and mice
were sacrificed by cervical dislocation. Nasal lavage, BAL, lungs,
thyroid, stomach, small intestine, kidney, urinary bladder were col-
lected and weighed. The radioactivity of these organs was measured
using a Cobra II auto gamma counter (Packard, Minnesota, USA).

2.4. Air interface cell culture

Calu-3 cells were used to develop air-interface culture, as described
previously with few modifications [19,20]. Cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM) with L-glutamine con-
taining 10% fetal bovine serum (v/v), 1 mM sodium pyruvate,
100 units/ml penicillin, 100 μg/ml streptomycin. All supplements were
from Gibco (Life Technologies B.V., Gent, Belgium). The cells were
maintained in 75 cm2 cell culture flasks (Cellstar® Tissue culture flasks;
Greiner Bio-one, Germany) at 37 °C with 5% CO2. Medium was changed
every alternate day and cells were subcultured when they were 85–90%
confluent. For cell subculture, cells were detached using trypsin-EDTA
(0.25%/0.03% in PBS) and 1:4 split ratio was maintained.

Calu-3 cells were seeded on the apical side of 1.12 cm2 surface area
Transwell® culture inserts at a density of 106 cells in 500 μl (sterile 24
well plates, 0.4 μm pore size; Corning costar; New-York, USA). For each
culture insert, 0.5 ml and 1.5 ml of supplemented DMEM was placed in
the apical and basolateral sides, respectively. After 24 h, the medium
from both the apical and basolateral sides of the Transwell inserts was
removed carefully. 500 μl and 1000 μl of Hank's balanced salt solution
(HBSS) was added to the apical and basal sides, respectively and
transepithelial electrical resistance (TEER) was measured using chop-
stick electrodes and volt-ohm meter (EVOM2, World Precision
Instrument, Sarasota, USA). After removal of HBSS from both the apical
and basal sides, cells were nourished by addition of 1 ml of supple-
mented DMEM to the basal side. The procedure was repeated every
alternate day. Resistance of> 400 Ω cm2 was developed 5 days post
seeding. Cells were further maintained for 23 days for complete trans-
formation and mucus secretion [21].

After the development of a sufficient resistance, 10 μl of 1 mg/ml
non-PEGylated or PEGylated anti-IL-13 or anti-IL-17A in HBSS were
added to the apical side of the cells. At pre-determined times (im-
mediately, 4, 24 or 48 h) following the addition of mAbs, the baso-
lateral medium and the apical surface fluid were collected, the TEER
was measured to check integrity of the monolayer and cells were lysed.
The basolateral medium was collected directly while the apical surface
fluid was obtained by gently washing the apical side of the cells three
times with 60 μl chilled HBSS. Cell lysis supernatant was obtained by
cells lysis using 100 μl lysis buffer (M-PER Mammalian Protein
Extraction Reagent; Thermo-Scientific, Gent, Belgium). Lysed cells were
scrapped out of the well using a pipette tip, centrifuged at 5000 rpm at
4 °C for 10 min and the supernatant was collected. Samples were stored
at −20 °C until analysis.

2.5. ELISA

Non-PEGylated or PEGylated anti-IL-13 or anti-IL-17A were ana-
lyzed in NAL, BAL, supernatants of lung homogenate and cell culture
samples by enzyme-linked immunosorbent assay (ELISA), as previously
described [17].

2.6. FRAP

Human airway mucus samples were collected in accordance with a
protocol approved by the Johns Hopkins Medicine Institutional Review
Board (study #NA_00038606). Informed consent was not required be-
cause we collect a surgical waste product (i.e., endotracheal tubes was
collected), and all comorbidity data were de-identified, minimizing
potential risk to patients. Mucus samples were collected by the en-
dotracheal (ET) tube method. Briefly, patients requiring intubation as
part of general anesthesia for elective, non-cardiothoracic surgery at the
Johns Hopkins Hospital were identified. Only patients with no re-
spiratory comorbidities and/or smoking history were included in this
study. The ET tube was removed from the patient after surgery and the
distal end (last ~10 cm portion) was cut and placed in a 50 ml cen-
trifuge tube. Endotracheal tubes were suspended at the top of the 50 ml
centrifuge tube using syringe needles and were then spun at 220 ×g for
30 s. This allowed mucus from the ET tube to collect at the bottom of
the 50 ml centrifuge tube and thereafter, the ET tube was disposed.
Mucus with visible blood contamination was not included in this study.
Mucus samples were stored at 4 °C and analyzed within 24 h of col-
lection.

One hundred micrograms of anti-IL-17A, anti-IL-17A-PEG20 and
anti-IL-17A-PEG40 were labeled with FITC using Pierce FITC antibody
labeling kit (ThermoFisher Scientific, Gent, Belgium), as per manu-
facturer protocol. The diffusion of non-PEGylated Fab′ or PEGylated
Fab′ in freshly collected human airway mucus samples was determined
using fluorescence recovery after photobleaching (FRAP) experiments.
30 μl human airway mucus aliquots were withdrawn using a Wiretrol
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(Drummond Scientific Company, Philadelphia, USA) and added to
custom microscopy chambers. 0.5 μL of 3–8 mg/ml FITC-labeled Fab′
were added to the 30 μl mucus aliquots and mechanically mixed into
the sample with a pipette tip. By adding this small volume, any po-
tential dilution effects on mucus properties can be limited. The chamber
was sealed with a small circular coverslip and equilibrated at 4 °C for
1 h before imaging. Samples for FRAP assessment of Fab diffusion in
PBS used as a reference were prepared using the same method. FRAP
experiments were conducted using a confocal LSM 510 microscope at
63× magnification with image resolution of 0.28 μm/pixel. A
14 μm × 14 μm rectangular area was rapidly bleached and fluores-
cence recovery was monitored over a 150 s time period (1.5 s frame
rate × 100 total frames). Fluorescence intensity profiles were analyzed
using custom MATLAB image processing software that accounts for the
effects of photobleaching during the course of experiments to determine
the time to 50% recovery in mucus, τmucus, and mobile fraction of Fab′.

2.7. Statistics

Two way Anova and Tukey or Sidak post-test were performed for
comparison of data from groups administered with non-PEGylated vs
PEGylated Fab′ fragments. Two-tailed Mann Whitney U test was used
for comparison of data from groups administered with non-PEGylated
vs PEGylated Fab′ when the number of animals within the groups
varies. Student's t-test was used for analysis of FRAP experiments. One
symbol (#,* or $) means p < 0.05, two symbols mean p < 0.01 and
three symbols mean p < 0.001.

3. Results

3.1. Impact of the delivery site and of the PEG size on the residence time of
Fab′ fragments in the lungs

Two-armed 40 kDa PEG has been shown effective to increase the
residence time of anti-IL-17A F(ab’)2 and anti-IL-13 Fab′mAb fragments
in the lungs following intranasal instillation in mice [8]. However, in-
tranasal instillation leads to deposition of the solution within nostrils
and upper respiratory airways and might therefore result in rapid mu-
cociliary clearance of the proteins [14]. To assess the impact of the site
of delivery within the respiratory tract and of the PEG size on the re-
sidence time of mAb fragments, we delivered anti-IL-17A, anti-IL-17A-
PEG20 or anti-IL-17A-PEG40 Fab′ to the central airways or to the deep
lungs by intratracheal instillation in mice. Quantification of Fab′ frag-
ments in bronchoalveolar lavage (BAL) showed marked reduction of
non-PEGylated Fab′ in the airway luminal side 0.25 h post-delivery and
complete clearance by 24 h (Fig. 1A and D). In contrast, clearance of the
anti-IL-17A-PEG20 and anti-IL-17A-PEG40 was gradual till 48 h. Mo-
lecular size of the PEG had no major effect on clearance, except that the
anti-IL-17A-PEG40 tended to be cleared from the luminal side of the
lungs more gradually than the anti-IL-17A-PEG20 following delivery to
the deep lungs (Fig. 1D). Both non-PEGylated and PEGylated Fab′ re-
sided for a longer time in the lumen of the lungs after deep lung de-
livery than after central airway delivery.

Much lower amounts of Fab′ fragments were detected in the lung
tissue compared with the lung luminal side after central airway and
deep lung delivery (Fig. 1B and E). Non-PEGylated anti-IL-17A Fab′ was
not detected in the lung tissue from 24 h onwards after delivery at both
sites. More anti-IL-17A-PEG20 and anti-IL-17A-PEG40 were detected in
the lung tissue after deep lung delivery at 0.25 h and 4 h but hardly any
effect of PEG molecular size was observed in the residence of the anti-
IL-17A-PEG20 and anti-IL-17A-PEG40 at 24 h and 48 h after central
airway and deep lung delivery.

Overall, these first results highlight that delivery of antibody frag-
ments to the deep lungs is superior to increase the residence time of the
proteins in the lungs than their delivery to central airways (Fig. 1C and
F). Moreover, PEGylation is an effective method to enhance the

residence time of the Fab′ fragments at both delivery sites and the
larger the PEG, the more prolonged the residence time following de-
livery to the deep lungs.

3.2. Impact of the nature of the antibody fragment on the residence time of
Fab′ fragments in the lungs

To confirm the data obtained with the anti-IL-17A Fab′, the re-
sidence time of anti-IL-13 Fab′ fragments in the lungs was assessed
(Fig. 2). Different Fab′ fragments have different protein primary
structures and might therefore present a different sensitivity toward
proteolysis and other elimination pathways. As seen from Fig. 2, the
nature of the Fab′ fragment had an impact on its residence time in the
lungs. The amounts of anti-IL-13 and anti-IL-13-PEG40 recovered from
the lungs were closer to each other than they were in the case of the
anti-IL-17A and anti-IL-17A-PEG40 (Fig. 1). This was especially the case
after delivery of the anti-IL-13 Fab′ fragments to the deep lungs where
only a slight but non-significant effect of PEGylation on the residence
time of the antibody fragment could be noted (Fig. 2F). However, in
line with the anti-IL-17A results, delivery to the deep lungs was superior
to increase the residence time of both anti-IL-13 and anti-IL-13-PEG40
than delivery to central airways. In addition, PEGylation greatly in-
creased the residence time of the anti-IL-13 Fab′ following delivery to
central airways (Fig. 2C).

3.3. Impact of lung inflammation on the residence time of Fab′ fragments in
the lungs

Asthma is a condition where inflammation occurs in the lungs. Lung
inflammation might cause differences in clearance of non-PEGylated
and PEGylated Fab′ from the airway lumen. Therefore, to study the
residence of Fab′ fragments within the inflamed lungs, lipopoly-
saccharide (LPS) was administered to mice by intranasal instillation
24 h prior to Fab′ delivery to the deep lungs.

Recovery of the non-PEGylated and PEGylated anti-IL-13 Fab′
fragments from the whole lungs highlighted that PEGylation assisted in
increasing the residence time of the antibody fragment in the inflamed
lungs (Fig. 3A and B). Quantification of the anti-IL-13 Fab′ in BAL and
supernatant of lung homogenate showed that the amounts of the anti-
IL-13 Fab′ recovered from 0.25 h to 48 h were 2- to 4-times lower in the
inflamed lungs as compared to the normal lungs (Fig. 3A). On the
contrary, no strong difference in the clearance rate of the anti-IL-13-
PEG40 was found between the inflamed and the normal lungs (Fig. 3B).
The amounts of the PEGylated protein recovered were only twice
smaller at 24 h and 48 h in the inflamed vs normal lungs.

No difference in clearance of the non PEGylated anti-IL-17A Fab′
was seen at any time point between the inflamed and the normal lungs
(Fig. 3C). Although the pattern of clearance was the same in the in-
flamed and the normal lungs for the anti-IL-17A-PEG40 Fab′, the
quantities recovered were lower in the inflamed lungs (Fig. 3D). The
amounts of the anti-IL-17A-PEG40 recovered from the inflamed lungs
were 1.3- to 2.2-times lower from 0.25 h to 48 h than those recovered
from the normal lungs.

These results highlighted that although there was no drastic dif-
ference in clearance of the non-PEGylated and PEGylated Fab′ frag-
ments between the healthy and inflamed lungs, PEGylation prolonged
the presence of Fab′ fragments in both the normal and inflamed lungs
(Fig. 3).

3.4. In vitro transport of Fab′ fragments across monolayers of Calu-3 cells

To understand intrinsic epithelial permeability of non-PEGylated
and PEGylated Fab′ fragments through respiratory cells, transport ex-
periments on monolayers of Calu-3 cells were performed. Non-
PEGylated or PEGylated anti-IL-13 and anti-IL-17A Fab′ fragments were
added to the apical side and transport within cells and to the basolateral
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side was analyzed.
Larger amounts of the anti-IL-13-PEG40 stayed on the apical side for

48 h, compared with the non-PEGylated Fab′ (Fig. 4A). About 40% of
the non-PEGylated Fab′ was cleared from the apical side by 0.25 h, as
opposed to only 6% for the anti-IL-13-PEG40. In line with this, the le-
vels of the anti-IL-13-PEG40 were 1.5-times lower in the cell layers at
all times points, compared with the non-PEGylated anti-IL-13 (Fig. 4B).
The levels of non-PEGylated Fab′ started increasing in the basolateral
medium from 4 h onwards as compared to 24 h for the anti-IL-13-
PEG40 (Fig. 4C).

The transport data of the anti-IL-17A Fab′ fragments are in line with
those of the anti-IL-13. Forty percent reduction in non-PEGylated anti-
IL-17A was observed at the apical side by 0.25 h (Fig. 4D). By com-
parison, minimal loss of the anti-IL-17A-PEG20 or anti-IL-17A-PEG40
was observed at 0.25 h (Fig. 4D). At later time points, about 1.5 times
more anti-IL-17A PEGylated Fab′ than non-PEGylated Fab′ stayed on
the apical side. There was 1.5-times lower anti-IL-17A PEG40 Fab′
quantities within the cells and cell layer at all time points than of the
anti-IL-17A or anti-IL-17A-PEG20 (Fig. 4E). Surprisingly, no difference
was observed between anti-IL-17A Fab′ and anti-IL-17A-PEG20 Fab′
amounts within the cells and cell layer at all time points. Analysis of the
basolateral medium highlighted presence of both anti-IL-17A and anti-
IL-17A-PEG20 at 4 h while anti-IL-17A-PEG40 was detected only after
24 h. The amount of anti-IL-17A was 2-times higher than that of anti-IL-
17A-PEG40 in the basolateral side at 24 h.

Overall, these results indicate that PEG strongly reduces the uptake

of Fab′ fragments by cells as well as their transport across the cell
monolayer. These effects depended on the PEG size.

3.5. Diffusion of Fab′ fragments in respiratory mucus

To find out whether PEGylation affected Fab′ fragments diffusion
through and binding to respiratory mucus, FRAP experiments of anti-IL-
17A, anti-IL-17A-PEG20 and anti-IL-17A-PEG40 in normal human re-
spiratory mucus was performed (Fig. 5). Fluorescence recovery after
photobleaching showed that non-PEGylated Fab′ diffused at a much
faster rate than PEGylated Fab′ in mucus (Fig. 5A). No difference in
diffusion rate was observed between anti-IL-17A-PEG20 and anti-IL-
17A-PEG40. Time to 50% recovery in mucus normalized by time to
50% recovery in PBS confirmed PEGylated Fab′ diffused more slowly
through mucus than non-PEGylated Fab′ (Fig. 5B). The mobile fraction
was significantly higher for the non-PEGylated Fab′ than for anti-IL-
17A-PEG20 or anti-IL-17A-PEG40 (Fig. 5C), indicating significant
binding of the PEGylated Fab′ fragments to the mucus. Similar to dif-
fusion results, no difference in the mobile fraction between the PEGy-
lated fragments was observed.

3.6. Biodistribution of Fab′ fragments in the body following pulmonary
delivery

The biodistribution of PEGylated and non-PEGylated Fab′ fragments
in the body was compared in mice. I125-labeled anti-IL-17A Fab′, anti-

Fig. 1. Impact of the delivery site and of the PEG size on the
residence time of Fab′ fragments in the lungs. Quantities of
anti-IL-17A, anti-IL-17A-PEG20 and anti-IL-17A-PEG40 re-
covered from (A, D) bronchoalveolar lavage (BAL), (B, E)
supernatant of lung homogenate and (C, F) the combination
of BAL and supernatant of lung homogenate following (left
panel) central airway or (right panel) deep lung delivery of
10 μg (0.21 nmol) Fab′ fragment per mouse. The PEG is not
counted in the mass delivered and recovered from the re-
spiratory tract. The data represent the mean values of 6
mice (± SEM). The data were analyzed using two way
ANOVA and Tukey post-test. # represents comparison be-
tween anti-IL-17A and anti-IL-17A-PEG20, * represents
comparison between anti-IL-17A and anti-IL-17A-PEG40, $
represents comparison between anti-IL-17A-PEG20 and
anti-IL-17A-PEG40.
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Fig. 2. Impact of the nature of the antibody fragment on its
residence time in the lungs. Quantities of anti-IL-13 and
anti-IL-13-PEG40 recovered from (A, D) bronchoalveolar
lavage (BAL), (B, E) supernatant of lung homogenate and
(C, F) the combination of BAL and supernatant of lung
homogenate following (left panel) central airway or (right
panel) deep lung delivery of 10 μg (0.21 nmol) Fab′ frag-
ment per mouse. The PEG is not counted in the mass de-
livered and recovered from the respiratory tract. The data
represent the mean values of 6 mice (± SEM). The data
were analyzed using two way ANOVA and Sidak post-test. *
represents comparison between anti-IL-13 and anti-IL-13-
PEG40.

Fig. 3. Impact of lung inflammation on the residence time
of Fab′ fragments in the lungs. Quantities of (A) anti-IL-13
and (B) anti-IL-13-PEG40, (C) anti-IL-17A and (D) anti-IL-
17A-PEG40 recovered from bronchoalveolar lavage (BAL)
and supernatant of lung homogenate following deep lung
delivery of 10 μg (0.21 nmol) Fab′ fragment per mouse. The
PEG is not counted in the mass delivered and recovered
from the respiratory tract. Lung inflammation was induced
by intranasal instillation of lipopolysaccharide (LPS) 24 h
prior to Fab′ delivery (“+LPS” groups). The data represent
the mean values of 6 mice (± SEM). The data were ana-
lyzed using two way ANOVA and Tukey post-test. * re-
presents comparison between healthy (“−LPS”) and in-
flamed (“+LPS”) lungs.
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IL-17A-PEG20 and anti-IL-17A-PEG40 were administered to the deep
lungs. To compare pulmonary delivery with systemic delivery, non-
PEGylated anti-IL-17A Fab′ was also delivered to mice by the sub-
cutaneous (SC) route. Subcutaneous injection is the most clinically re-
levant injection route in asthma because patients can easily self-inject
medications, without the need for an administration by medical per-
sonnel [22]. All mice were sacrificed 4 h after delivery and organs were
analyzed for radioactivity content.

Substantial amounts of the instilled dose of the PEGylated and non-
PEGylated Fab′ fragments were found in the lungs following deep lung
delivery (Fig. 6A). About 16% of the non-PEGylated anti-IL-17, 21% of

the anti-IL-17A-PEG20 and 22% of the anti-IL-17A-PEG40 were de-
tected in the BAL (Fig. 6A). By contrast, < 0.05% of the SC-delivered
Fab′ reached the BAL. Similarly, 7.6% of the anti-IL-17A, 10% of the
anti-IL-17A-PEG20 and 9.5% of the anti-IL-17A-PEG40 were detected in
the lung tissue after deep lung delivery. Only 0.3% of the non-PEGy-
lated anti-IL-17A was present in the lung tissue 4 h after SC delivery.
Analysis of nasal lavages showed the presence of only small quantities
of all the Fab′ fragments following deep lung delivery. In all the mouse
groups, a high level of I125 radioactivity was detected in the stomach
(Fig. 6B). Significantly higher amounts of the anti-IL-17A than of the
anti-IL-17A-PEG40 were detected in the stomach following deep lung

Fig. 4. Transport of (A–C) anti-IL-13 and anti-IL-13-PEG40
and (D–F) anti-IL-17A, anti-IL-17A-PEG20 and anti-IL-17A-
PEG40 Fab′ fragments across monolayers of Calu-3 cell
grown at an air-interface. 10 μg (0.21 nmol) of Fab′ frag-
ments were added on the apical side of Calu-3 cells and the
quantities of Fab′ fragments were quantified in (A, D) the
apical surface fluid, (B, E) the cell lysate and (C, F) the
basolateral medium. The PEG is not counted in the mass
delivered and recovered from the respiratory tract. The
data represent the mean values of 3 cell inserts (± SEM).
The data were analyzed using two way ANOVA and Tukey
post-test. # represents comparison between anti-IL-17A and
anti-IL-17-PEG20, * represents comparison between anti-IL-
13 (or anti-IL-17A) and anti-IL-13-PEG40 (or anti-IL-17-
PEG40), respectively, $ represents comparison between
anti-IL-17-PEG20 and anti-IL-17-PEG40.

Fig. 5. Diffusion of the anti-IL-17, anti-IL-17A-PEG20 and anti-IL-17A-
PEG40 through normal human respiratory mucus. FITC-labeled Fab′
fragments were added to the mucus and diffusion was measured using
fluorescence recovery after photobleaching (FRAP). (A) Intensity (I/I0)
over time after bleaching at t = 0 s of representative samples, (B) time to
50% recovery in mucus, τmucus, normalized by time to 50% recovery in
PBS, τPBS, for the anti-IL-17A, anti-IL-17A-PEG20 and anti-IL-17A-PEG40,
(C) mobile fraction for the anti-IL-17A, anti-IL-17A-PEG20 and anti-IL-
17A-PEG40. The data represent the mean values of 5 different mucus
samples (± SEM). A student's t-test was used for comparison of the data.
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delivery. The anti-IL-17A-PEG20 value was intermediated between the
anti-IL-17A and anti-IL-17A-PEG40 in the stomach.

In blood samples, the highest quantities of Fab′ fragments were
detected after SC delivery (0.7%, Fig. 6C). This amount was three times
higher than following deep lung delivery. In the kidney,< 0.2% of the
anti-IL-17A delivered to the deep lung were detected while 1.5% was
detected after SC injection. Similarly, in the urinary bladder, about
5.5% of the anti-IL-17A was detected 4 h after SC injection. This
amount was 9 times higher than the one observed after deep lung de-
livery. No difference in the quantities of non-PEGylated and PEGylated
Fab′ was measured in nasal lavage, blood, thyroid, kidney and urinary
bladder following deep lung delivery.

The calculation of the total recovered dose in the whole lung (BAL
+ lung tissue, Fig. 6D) highlighted that approximately 23% of the anti-
IL-17A Fab′ dose, approximately 31% of the anti-IL-17A-PEG20 dose
were still detected in the lungs 4 h later. These amounts were ap-
proximately 62-, 84- and 86-times higher than the amount obtained
following SC injection (0.37%).

4. Discussion

The therapeutic efficacy of a treatment is determined by the avail-
ability and the activity of the drug at the site of the disease. In previous
studies, we showed that PEG40 increased the residence time of anti-
cytokine antibody fragments in the lungs of mice, rats and rabbits and
improved their therapeutic efficacy in a murine model of house dust
mite-induced lung inflammation [8,17]. Moreover, site-selective at-
tachment of PEG40 to the C-terminal cysteine of an anti-IL-17A Fab′
fragment enhanced nine-fold its intrinsic inhibitory potency [17]. The
aim of the present study was to better understand the clearance kinetics
of non-PEGylated and PEGylated Fab′ upon delivery to different sites of
the lungs as well as their relationship with PEG molecular weight. The
biodistribution of Fab′ fragments in different organs was also evaluated
after pulmonary delivery and the mechanisms involved in the longer
residence time of PEGylated Fab′ in the lungs were clarified.

Similarly to previously published studies [8,17], we found that
PEGylation sustained the presence of Fab′ fragments in the lungs.

However, the nature of the Fab′ fragment had an impact on its re-
sidence time and the anti-IL-17A Fab′ benefited more from PEGylation
than the anti-IL-13 Fab′ did. The PEG molecular weight (two-armed
40 kDa PEG vs linear 20 kDa PEG) had a moderate influence on the
presence of the anti-IL-17A in the lungs. By contrast, the site of delivery
of the Fab′ fragments within the respiratory tract had a large impact on
their residence time. Delivery to the lung periphery resulted in a more
prolonged residence of both PEGylated and non-PEGylated anti-IL-17A
and anti-IL-13 Fab′, compared with delivery to central airways. So, 30%
of the delivered dose of the anti-IL-17A-PEG40-Fab′ and 2% of the
delivered dose of the anti-IL-17A-Fab′were still present in the lungs
24 h following delivery to the deep lungs. These values were 6 and 1%
following delivery to central airways. Many tissue characteristics and
clearance pathways differ while descending the respiratory tract [23].
The epithelium is approximately 60 μm thick in the trachea and it
progressively thins up to reach a thickness of 0.1 μm to 0.2 μm in the
alveolar region. The columnar and ciliated epithelium of the conducting
airways is covered by a thick mucus gel while the alveolar epithelium is
covered by a thin surfactant lining fluid. The rate of mucociliary
clearance exponentially decreases from the proximal airways to the
distal airways [24]. The alveolar spaces are populated by alveolar
macrophages which continuously take up the surrounding epithelial
lining fluid and the compounds present in this fluid [25]. The vast
surface area of the alveolar epithelium, the short diffusion path from
the alveolar space to the systemic circulation and the dense capillary
network can result in a quick systemic absorption of small molecules
into the bloodstream. The prolonged presence of the proteins in the
lungs following delivery to the deep lungs might result from the re-
duction in their clearance by the mucociliary escalator. In fact, the
mucociliary escalator represents the only clearance pathway which
decreases from the upper to the lower airways. Möller et al. targeted
ultrafine technetium 99 m-labeled carbon particles to the airways or to
the lung periphery in healthy volunteers and similarly showed a pro-
longed retention of the nanoparticles delivered to the lung periphery
[26]. Delivery to the deep lungs in humans can be achieved by ad-
justing the particle size of the aerosol particles in the desired range of
3 μm [27].

Fig. 6. Biodistribution of Fab′ fragments in different organs
following pulmonary delivery. 1.5 μCi of the anti-IL-17A,
anti-IL-17A-PEG20 and anti-IL-17A-PEG40 were delivered
to each mouse by deep lung delivery and organs were col-
lected 4 h later. Control groups of mice involved deep lung
delivery of 1.5 μCi of free I125 and subcutaneous (SC) in-
jection of 1.5 μCi of the anti-IL-17A. (A–C) Fraction of the
injected dose (%) detected in organs, (D) fraction of the
injected dose (%) recovered from the whole lung. The data
represent the mean values of 3 to 5 mice per group
(± SEM). Two-tailed Mann Whitney U test was used for
comparison of the data.
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Lung inflammation induced by LPS slightly affected the residence
time of Fab′ fragments in the lungs. The amounts of PEGylated and non-
PEGylated Fab′ fragments recovered from the inflamed lungs over time
were systematically lower compared with those recovered from the
normal lungs. However, this reduction was slight and not statistically
significant, except for the anti-IL-13-Fab′ which showed a 2- to 4-times
reduction in amounts recovered. Intratracheal instillation of LPS in-
duces a massive recruitment of neutrophils into the alveolar spaces and
the activation of lung macrophages [18,28]. Degranulation of neu-
trophils and macrophages releases elastase, cathepsin G, reactive
oxygen species and other proteases. The proteases and reactive oxygen
species damage the alveolar epithelium and increase its permeability,
resulting in protein exudation into the airspaces. Therefore, the slight
decrease in Fab′ fragments quantities recovered from the inflamed
lungs might come from an increased uptake by phagocytes, an in-
creased proteolysis and/or an increased transport into the systemic
circulation. Increased neutrophil recruitment characterize several lung
inflammatory conditions in the clinic, in particular, severe asthma,
chronic obstructive pulmonary disease, cystic fibrosis, respiratory in-
fections and the acute respiratory distress syndrome. These diseases
present additional physiological alterations such as a contraction of
conducting airways in asthma and a slow-down mucociliary clearance
in cystic fibrosis [1,29]. Nevertheless, these data provide a first idea on
how lung inflammation might influence the time of residence of Fab′
fragments in the lungs. Similar results were obtained by Patel et al.
using lipid nanocapsules. A 1.5-times lower lung dose of lipid nano-
capsules was achieved in LPS-treated mice, compared with saline-
treated animals. However, the clearance kinetics of the nanocapsules
from the lungs was unaltered by the acute lung inflammation [30].

PEGylation has been shown to prolong the residence time of anti-
body fragments in the lungs through mucoadhesion and escape from
alveolar macrophages rather than increased hydrodynamic size or im-
proved enzymatic stability [8,31]. The FRAP experiments performed in
this study support the mucoadhesive character of PEGylated Fab′
fragments which is likely a result of entanglements between the large
PEG chains and mucin fibers. In addition, PEGylation of Fab′ increases
its hydrodynamic diameter and thereby reduces its diffusion rate. Ac-
cordingly, The diffusion of both the anti-IL-17A-PEG20-Fab′ and anti-
IL-17A-PEG40-Fab′ through human respiratory mucus was significantly
hindered and their mobile fractions significantly reduced compared
with the unconjugated anti-IL-17A-Fab′. Moreover, transport experi-
ments on monolayers of Calu-3 cells cultured at an air-interface high-
lighted that PEGylation sustained the presence of Fab′ fragments at the
apical side of the cell monolayer and decreased their cell uptake and
transepithelial transport. These observations might be explained by the
adhesion of PEGylated Fab′ fragments to the mucin produced by the
cells [32]. The decrease in transepithelial transport might also come
from the decreased paracellular diffusion of the enlarged conjugated
proteins and from the decreased transcytosis reflected in the decreased
cell uptake. While PEG40 had a significant effect on apical side re-
sidency, cell uptake and transepithelial transport, PEG20 unexpectedly
had only an effect on apical side residency and transepithelial transport
but not on cell uptake.

Biodistribution studies using I125-labeled Fab′ fragments confirm the
efficient targeting of Fab′ fragments to the lung tissue following pul-
monary delivery. The BAL and the lung parenchyma contained up to 20
and 10% of the I125-labeled Fab′-delivered dose, respectively. By con-
trast, only 0.4% of the Fab′ fragment dose reached the lung tissue fol-
lowing SC injection. Seven percent of the SC-injected dose was found in
the kidney and bladder, which demonstrates the renal clearance of the
systemically-delivered Fab′. Yet, this pathway of clearance was not
noticeable following pulmonary delivery. The negligible presence of
Fab′ fragments in systemic organs following pulmonary administration
suggests the efficient clearance of the Fab′ fragments from the body,
without significant systemic absorption. The high I125 signal found in
the stomach following pulmonary and SC delivery of I125-labeled Fab′

fragments might be due to in vivo catabolism of radioiodinated mAbs,
release of iodotyrosine residues, deiodination of these residues and
radioiodine uptake in the thyroid and stomach [33]. Sodium iodide
symporter, an integral membrane protein, is expressed in thyroid epi-
thelial cells and in the stomach and is responsible for iodine accumu-
lation in these tissues [34]. While 12% of the delivered radioactive dose
was found in the stomach following SC injection of Fab′ and pulmonary
delivery of free I125, this percentage increased to 15, 22 and 29% fol-
lowing pulmonary delivery of the anti-IL17A-PEG40, anti-IL-17A-
PEG20 and anti-IL-17A, respectively. These larger quantities in the
stomach as well as the detection of Fab′ fragments in nasal lavages
might suggest that a fraction of the Fab′ fragments dose was cleared by
mucocilliary clearance and then swallowed following pulmonary de-
livery. The rate of this clearance pathway appears to greatly decrease
with PEG loading.

Taken together, our data indicate that conjugation of Fab′ fragments
to PEG20 or PEG40 increases their residence time in both the healthy
and inflamed lungs. Low systemic absorption of Fab′ fragments fol-
lowing pulmonary delivery prevents their accumulation in distant or-
gans and thus reduces the probability of systemic side effects [6].
Reasons for the prolonged presence of PEGylated Fab′ in the airway
lumen include binding to mucus, reduced cell uptake and reduced
transport across lung epithelia. Fab′ fragments might be eliminated
from the lungs by mucociliary clearance and then be swallowed and
degraded in the gastrointestinal tract. Our results further show that SC
injected Fab′ hardly penetrates into the lungs. This might imply that
effective neutralization of cytokines in the lungs will require injection
of high doses of Fab′ fragments. Further studies are warranted to find
out the differences in efficacy between pulmonary administration and
injection of anti-cytokine antibody fragments to reduce inflammation in
the lungs.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2017.12.009.
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