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Abstract

Highly viscous mucus and its impaired clearance characterize the lungs of patients with cystic fibrosis
(CF). Pulmonary secretions of patients with CF display increased concentrations of high molecular
weight components such as DNA and actin. Recombinant human deoxyribonuclease I (rhDNase)
delivered by inhalation cleaves DNA filaments contained in respiratory secretions and thins them.
However, rapid clearance of rhDNase from the lungs implies a daily administration (QD to BID) and
thereby a high therapy burden and a reduced patient compliance. A PEGylated version of rhDNase could
sustain the presence of the protein within the lungs and reduce its administration frequency. Here, we
evaluated the enzymatic activity of rhDNase conjugated to a two-arm 40 kDa polyethylene glycol (PEG)
in CF sputa. Rheology data indicated that both rhDNase and PEG40-rhDNase presented similar
mucolytic activity in CF sputa and that this activity did not depend on the concentrations of DNA, actin
and metal ions within the samples. Quantification of rhDNase and PEG40-rhDNase in CF sputa suggests
that PEGylation largely increases the stability of rhDNase in CF respiratory secretions. These results
provide support to the development of a long-acting version of rhDNase to treat CF lung disease.

Abbreviation

BSA, bovine serum albumin; CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance
regulator; EDTA, ethylenediaminethetraacetic; FEV, forced expiratory volume in one second; F-actin,
filamentous actin; G’, elastic modulus; G”, viscous modulus; G-actin, globular actin; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; Pa, Pascal; PEG, polyethylene glycol; rhDNase,
recombinant human deoxyribonuclease I; SEM, standard error of the mean; Tris,
trishydroxymethylaminomethane.
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1. Introduction

Cystic fibrosis (CF) is an inherited disease caused by an autosomal recessive gene defect. The morbidity
and mortality in CF is mainly due to the pulmonary phenotype of the disease. Clinically, the effects of
CF in the lungs are cough, expectoration of airway secretions, recurrent lung infections and rapid loss
of pulmonary function (6, 29).

The airway mucus is a thin and mobile gel that covers the respiratory tissue surface. It is mainly
composed of water and biopolymers, such as the mucin, a heavily glycosylated protein (8).The mucus
presents a complex physical behavior. It is described as a viscoelastic gel since it possesses both
viscosity and elasticity properties (16). Healthy mucus is characterized by low viscosity and elasticity
and is easily transported by ciliary beating. Effective mucus clearance is essential for lung health and
airway disease can be a consequence of an impaired clearance. Pathologic mucus has higher viscosity
and elasticity than normal mucus and is more difficult to clear. The conversion from healthy mobile
mucus to diseased mucus can result from many mechanisms such as dehydration, abnormal
transepithelial ion transport, increased production of mucin or lysis of inflammatory cells (8). In case of
CF, apoptosis of neutrophils and/or neutrophil extracellular traps death (NETosis) increase the
extracellular DNA and filamentous actin contents (7, 27); thus leading to the 10 to 100-fold increase of
mucus viscoelasticity (22). Consequently, the mucus becomes thick and impaired clearance as well as
bacterial growth characterize the lungs of patients with CF (8). The presence in CF sputa of components
such as DNA, proteins, lipids and cations may influence the viscoelastic properties of the respiratory
secretions (5, 10, 19).

The pathologic CF mucus has led to the development of therapeutic medications intended to decrease
its stiffness. Inhaled recombinant human deoxyribonuclease I (rhDNase) has proven its mucolytic
activity in CF lung disease for many years (13). Shak et al. demonstrated that rhDNase transformed CF
sputum from a non-flowing viscous substance to a liquid within minutes (33). Therefore, DNA
hydrolysis by rhDNase in CF respiratory secretions leads to reduced sputum viscosity. However,
symptomatic rhDNase treatment presents two major limitations: the protein is inhibited by globular actin
(G-actin) (36) and it is rapidly cleared from the lungs (18). When the dose of rhDNase of 2.5 mg is
inhaled, a concentration of 3 pg/mL is measured in sputum immediately after inhalation and it is reduced
to 0.6 pg/mL after two hours. Recently, our laboratory has developed a PEGylated version of rhDNase
with a preserved enzymatic activity (11). Conjugation of PEG to proteins has been shown to prolong
their residence time within the lungs following pulmonary delivery in animal models (3, 9, 15).
Therefore, PEGylation of rhDNase could sustain the presence of the protein within the lungs following
inhalation. The sustained presence of the PEGylated version of rhDNase in the lungs could space
rhDNase dosing and improve patient compliance.

The goal of this research was to determine the in vitro mucolytic activity of rhDNase conjugated to a
two-arm 40 kDa PEG (PEG40-rhDNase) in sputa from patients with CF. The rheological properties
(elastic and viscous moduli) of CF sputa were measured following addition of rhDNase or PEG40-
rhDNase. DNA and G-actin were quantified by fluorescence labelling and correlated to the visual
inspection of samples (mucoid, muco-purulent or purulent sputum). lon contents, such as calcium,
magnesium and potassium, were measured in CF sputum and correlated with its purulence, with G-actin
concentration and with the enzymatic activity of rhDNase and PEG40-rhDNase. Finally, non-PEGylated
and PEGylated protein contents were measured in CF biological samples following the rheology assay
to evaluate their resistance to proteolysis.

2. Materials and Methods

2.1. Material
rhDNase (Pulmozyme®) was from Genentech, Inc. (South San Francisco, CA, USA).Two-arm 40 kDa
methoxy PEG (PEG40) propionaldehyde was obtained from NOF Corporation (Tokyo, Japan). Unless

otherwise stated, chemicals and reagents were from Sigma-Aldrich (St. Louis, MO, USA). The N-
terminal site-specific mono-PEGylation of rhDNase was conducted as previously described (11).
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2.2. Collection of sputum from patients with CF

CF sputa were collected by expectoration during physiotherapy. Patients over 18 and below 60 years
taking Pulmozyme® were included. Twenty-four hours pre-collection of sputum, patients were asked
to stop their rhDNase treatment. Sputa were immediately frozen at -80°C after expectoration. Patients
under oral corticosteroid treatment, with a forced expiratory volume in one second (FEV1) <40% of the
predicted value and pregnant women were excluded from the study.

2.3. Characterization of sputum

Sputa were sorted according to macroscopic appearance into three categories: mucoid for samples that
did not present pus, purulent for samples uniformly purulent whether green or yellow and mucopurulent
for samples in which purulent and mucoid parts were mixed (31).

2.4. Determination of the strain range for measurement

The range of strain associated with non-destructive conditions of the sputum was determined using the
rheometer MCR102 (Anton-Paar, Graz, Austria). CF sputa were thawed at room temperature. Six
hundred milligrams of sputum were loaded on the rheometer and incubated during 30 minutes at 37°C
to allow relaxation of the sample (1). The assay was performed using a 50 mm stain cone plate with a
1° angle (CP50-1°; Anton-Paar). Shear strains between 0.01% to 1000% were applied (16). The results
were recorded with RheoCompass™ software (Anton-Paar).

2.5. Rheology measurement

CF sputa were thawed at room temperature. Six hundred milligrams of sample were gently mixed with
30 uL of thDNase or PEGylated rhDNase (at 150 pg/mL in 1 mM CaCl,, 150 mM NacCl) to reach a
final concentration of 10 pg/mL in the sputum. Control samples were made of sputum containing 30 pL.
of thDNase vehicle, without rhDNase. Rheology assays were performed using rheometer MCR102 and
a 50 mm stain cone plate with a 1° angle (CP50-1°). Treated sputum was loaded on the rheometer and
incubated at 37°C for 60 minutes. Strains between 0.01% and 10% were applied at a constant frequency
of 10 Hz. Elastic and viscous moduli were recorded with RheoCompass™ software.

2.6. rhDNase and PEG40-rhDNase content in CF sputum

After rheology measurements, sputa were gently collected from the rheometer plate. rhDNase and
PEG40-rhDNase were then quantified by ELISA in these collected sputa. Briefly, a 96-well plate was
coated using first rabbit polyclonal antibody to human rhDNase (Bio-connect, Huissen, The
Netherlands) in 1% NaHCOs3 solution, pH 9.6 at 4°C overnight and blocked with 1% proteins from milk
powder in PBS-Tween 0.1% at 37°C for 1 h. Sputum samples were diluted at 1:1 in PBS, vortexed for
2 minutes and centrifuged at 5000 rpm, 4°C for 10 minutes. Supernatant of samples as well as standards
(rhDNase or PEG40-rhDNase) were incubated at 37°C for 1 h. Dilutions were done in PBS-Tween 0.1%
+ 0.1% Bovine Serum Albumine (BSA). Biotin-conjugated antibody (same antibody as the one used for
coating) and streptavidin-horseradish peroxidase were used for development. Revelation was conducted
using Tetramethylbenzidine solution (Thermo Fisher Scientific, Rockford, IL, USA) and stopped with
2 M H»S04. The ELISA plate was read at 450 nm (Multiskan EX, Thermo Fisher Scientific, Rockford,
IL, USA).

2.7. DNA quantification

DNA contained in CF sputa was quantified using a Quant-iT™ PicoGreen® dsDNA Assay Kit
(ThermoFisher Scientific, Rockford, IL, USA). The protocol from the manufacturer was slightly adapted
(12). Twenty mg of sputum were diluted 10 fold in 0.1 M dithiothreitol. The mixture was vortexed until
complete dissolution of the sample. Then, 5 puL of the diluted mucus were added to 100 uL of 0.1 mM
ethylenediaminetetraacetic acid (EDTA), 10 mM trishydroxymethylaminomethane (Tris) buffer at pH

3
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8.0. 8.4 uL of the previous solution were diluted in 492 uM of TE (Tris-EDTA) 1x buffer. 500 puL of
PicoGreen® reagent were added. An aliquot of 200 pLL was incubated 5 minutes in the dark in a black
96-well plate. Fluorescence was measured with a SpectraMax® M3 multi-mode microplate reader
(Molecular Devices, Sunnyval, USA) with 485 nm excitation and 530 nm emission filters.

2.8. In vitro enzymatic activity of rhDNase in presence of actin

Rheology assays were performed on a salmon testes DNA solution at 6 mg/mL in 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 7.5. Actin solution at 320 pg/mL was
prepared in 4 mM CaCl,, 2 mM MgCl,, 0.2% BSA, 28 mM KClI solution at pH 7.5. 250 uL of DNA and
125 uL of actin (or actin vehicle, for the condition without actin) were incubated at 37°C for 30 minutes.
Then, rhDNase solution was added to reach a final concentration of 1 pg/mL rhDNase (125 pL; final
volume of 500 pL). Viscosity measurements were performed during 30 minutes at 37°C using the
Modular Compact Rheometer MCR102. A 50 mm stain cone plate with a 0.5° angle was used. A solvent
trap containing distilled water prevented dehydration of samples during rheological analysis. The
experiments were performed in rotational mode at 1000 rpm. The results were recorded by
RheoCompass™ software.

2.9. Actin quantification

F- and G-actin contained in sputa were quantified using rhodamine-labelled phalloidin fluorescence
labeling (2). The sputum was diluted 20 fold in a polymerizing buffer (150 mM KCI, 2 mM MgCl,, 0.2
mM CaCl,, 0.2 mM NaATP, 1 mM DTT, 2 mM Tris at pH 7.6) during 30 minutes at 37°C to allow the
polymerization of G-actin (30). Quantification of F-actin was conducted by replacing the polymerizing
buffer by a solution containing 0.2 mM CaCl,, 0.2 mM Na,ATP, | mM DTT, 2 mM Tris at pH 7.6. One
uL of 6.6 uM rhodamine-labelled phalloidin (ThermoFisher Scientific, Rockford, IL, USA) was added
to 25 pL of the diluted sample in a black 384-well plate and incubated 1 hour on ice in the dark. The
rhodamine-labelled phalloidin was extracted overnight with methanol at 4°C in the dark. The
fluorescence enhancement was then measured with a SpectraMax® M3 multi-mode microplate reader
(Molecular Devices, Sunnyval, USA) with 550 nm excitation and 580 nm emission filters. A standard
curve of F-actin was prepared by dissolving 1 to 10 pg/mL actin from rabbit muscle in polymerizing
buffer and incubating at 37°C for 30 minutes.

2.10. Ion quantification
Calcium, magnesium and potassium ions were quantified in CF sputa.

Calcium and magnesium: Samples were prepared by dissolving at least 70 mg of CF sputa in 7 times
their mass in water. Samples were then vortexed and centrifuged to separate the solid parts from the
supernatant containing Ca?>" and Mg?". The concentrations measurements were performed using an
automatic analyzer (Cobas® 8000, Roche Diagnostics, Roche, Basel, Switzerland). Ca>* were assayed
with the 5-nitro-5'-methyl-(1,2-bis(o-aminophenoxy)ethan-N,N,N',N'-tetraacetic acid (NM-BAPTA)
method. Mg?* concentration was determined with the use of the xylidyl blue reaction according to the
manufacturer's instructions.

Potassium: Samples were prepared by dissolving at least 70 mg of CF sputa in 10 times their mass in
water. Samples were then vortexed and centrifuged to separate the solid parts from the supernatant
containing K*. Lithium was used as an internal standard. Standard Calib 140/5 electrolytes for in vitro
diagnostics use (Instrumentation Laboratory, Bedford, MA, USA) was used as a single standard for
calibration. A volume of 20 puL of supernatant was then diluted with 2 mL of lithium sulfate. The
analyses were performed in duplicate with a flame photometer (Model 420 Flame Photometer,
Sherwood Scientific Ltd, Cambridge, UK) operated in the atomic emission mode, using a propane flame.
The concentrations were expressed in mM.
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2.11. Data analysis

All results are presented as mean values + standard error of the mean (SEM). ANOVA tests with
Bonferroni post-test were used for the statistical analysis of the viscoelasticity measurements of CF
sputa (Figure 1 andFigure 2; n=18). Unpaired t-tests were employed for the statistical analysis of the
quantification of rhDNase and PEG40-rhDNase in CF sputa (Figure 3; n=11 to 13) as well as for the
DNA and actin contents of purulent, muco-purulent and mucoid sputa (Figure 4 andFigure 7; n=25).
Statistical analysis of viscosity measurements in presence of actin was performed with two-way
ANOVA (Figure 6; n=5). Twenty-three samples were quantified in terms of ions and analyzed with one-
way ANOVA with Dunn’s post-test (Table 1). The data presented in Figure 5,Figure 8, Figure 9 and
Figure 10 were analyzed by Pearson correlation.

All these tests were performed using the GraphPad Prism software (CA, USA). * p <0.05, ** p <0.01,
and *** p <0.001.

3. Results and discussion
3.1. Rheology measurements

Characterization of sputa focuses on two properties: elastic modulus (G’), which measures the tendency
for the gel to recover its original shape following stress-induced deformation, and viscous modulus (G”),
which represents the resistance of the gel to flow (16). Non-destructive conditions were required to
preserve the structure of the sputa (1, 35). Therefore, before analyzing the rheological properties of the
samples, we determined the linear viscoelastic region of CF sputum in terms of strain, that is, the region
of small deformations in which the viscoelastic parameters remain constant (34). Both elastic and
viscous moduli were steady between 0.01% and 1% of strain. Consequently, in our experiments, CF
sputum was only subject to small oscillations to minimize its deformation and thus reflect the mucus
rheology in its native state in the lungs (16). A constant frequency of 10 Hz was also applied to mimic
the beat frequency of the cilia motion (28).

The effects of rhDNase and PEG40-rhDNase on the viscoelasticity of CF sputa were then analyzed.
Eighteen CF sputa were included in the rheology analysis. The elastic and viscous moduli of the samples
after addition of PEG40-rhDNase were similar to the moduli obtained after the addition of the
unconjugated protein (Figure 1). As previously reported by Lai et al. (16), CF sputum was more elastic
than viscous under oscillatory and controlled shear strain. This was the case for all the three conditions
tested: control, rhDNase and PEG40-rhDNase (Figure 1). The mean decrease in sputum elasticity was
43 + 8% for rhDNase and 55 + 4% for PEG40-rhDNase. Similarly, sputum viscosity decreased by 47 +
6% and 49 + 5% following addition of rhDNase and PEG40-rhDNase, respectively. Although we
obtained a better activity, our results are in good agreement with data reported by Sanders et al. (30).
Sanders et al. showed that sputum elasticity decreased by 32% and sputum viscosity by 17% following
a 20 minutes incubation with thDNase at a final concentration of 10 pg/mL in case of clinical rhDNase-
responders. In our study, samples were incubated for 60 minutes with rhDNase before rheology
measurement (three-times longer than in Sanders et al.) and could thus explain the better activity we
observed. Clinical responders to rhDNase therapy and clinical non-responders can be distinguished
among patients with CF (32). Thirty percent of patients with CF are qualified as clinical non-responders
since their sputa are not degraded by thDNase whereas sputa from clinical responders are extensively
degraded by rhDNase (30). In our study, only patients taking thDNase and considered as responders
were included.
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Figure 1: Effect of rhDNase and PEG40-rhDNase on the viscoelasticity of CF sputa (n=18, mean + SEM), A. Elastic modulus.
B. Viscous modulus, both expressed in Pascal (Pa; kg.m.s2)). Both proteins showed similar enzymatic activity on the samples.
rhDNase and PEG40-rhDNase groups were compared to the control group (one-way ANOVA, Bonferroni post-test, ** p <
0.01, * p < 0.05).

Our data were then categorized to correlate the enzymatic activity of both enzymes with the macroscopic
appearance of the CF sputa. To the best of our knowledge, our investigation is the first to integrate the
purulence parameter in the analysis of rhDNase mucolytic activity in CF sputa. Among the eighteen
samples, twelve were purulent, five were muco-purulent and one was mucoid. Although not confirmed
by the statistical analysis, a trend was observed between purulence and viscoelasticity of the sputum:
the more purulent, the more elastic and the more viscous the sputum (Figure 2A and B). rhDNase and
PEG40-rhDNase showed similar activity whether expectorations were purulent, muco-purulent or
mucoid (Figure 2C and D). Overall, our rheological results showed that PEGylation preserved the
mucolytic activity of thDNase ex vivo. A large variation amongst samples was observed, potentially
explained by variations in water, DNA, actin and glycoprotein content in CF sputa (23).
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Figure 2: Effect of rhDNase and PEG40-rhDNase on the viscoelasticity of CF sputa based on the macroscopic appearance of
the samples (mean + SEM). In A and B, absolute values of elastic and viscous moduli are shown. In C and D, elastic and
viscous moduli are expressed as % of the control samples. The data were compared by two way-ANOVA with no difference
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seen for purulent (n=12), muco-purulent (n=5) and mucoid (n=1) samples. The elastic modulus of purulent samples
significantly decreased after treatment with rhDNase or PEG40-rhDNase (Bonferroni post-test, * p < 0.05).

rhDNase or PEG40-rhDNase contained in CF sputa after rheology measurement were quantified (Figure
3). This analysis allowed us to evaluate the degradation of the proteins after incubation in the fluid.
rhDNase and PEG40-rhDNase were initially added to CF sputum at a concentration of 10 pg/mL.
Following incubation and rheology, 27 ng/mL and 658 ng/mL of rhDNase and PEG40-rhDNase were
measured in CF sputa, respectively. Therefore, 6.6% of the initial dose of PEG40-rhDNase remained
after incubation with the sample whereas only 0.3% of rhDNase was measured, suggesting a higher
stability of PEG40-rhDNase than the unconjugated protein. Accordingly, these results suggested that
PEGylation increased the resistance of rhDNase towards proteolysis (37). Although the higher stability
of PEG40-rhDNase in CF sputa did not result in major differences in mucolytic activity in our static
assay ex vivo (Figure 1), it might result in better mucolytic activity in patients in vivo due to continuous
DNA production.
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Figure 3: Quantification of rhDNase and PEG40-rhDNase remaining in sputa from patients with CF following rheology
measurement of their mucolytic activity (n=11 to 13). rhDNase and PEG40-rhDNase contents in samples showed significant
difference (unpaired t test, *** p < 0.001).

3.2. DNA quantification

Extracellular DNA contained in sputum samples was quantified and compared to the visual aspect of
the expectorations (Figure 4). This DNA quantification analysis included 25 samples. Fifteen were
purulent, nine were muco-purulent and one was mucoid. The concentration of DNA in the samples was
on average 0.80 mg/mL (values between 0.05 and 2.00 mg/mL) and represented approximately 0.06%
of the sputum mass. In mucus samples obtained from healthy patients, DNA accounts for 0.02% of the
mucus by mass (16). Therefore, the DNA content in CF sputum was three-fold higher than in normal
mucus. The aspect of the sputa correlated with the determined DNA concentration of each expectoration:
the higher the concentration of DNA, the more purulent the sample. However, no correlation could be
established between the DNA content and the elastic and viscous moduli of the samples (Figure 5). The
ability of rhDNase and PEG40-rhDNase to reduce G” and G” of CF sputa reported above (Figure 1)
confirms that DNA is a component responsible for the considerable viscoelasticity of diseased sputum,
as previously reported by Shak and co-workers (33). However, the lack of correlation between DNA

content and sputum viscoelasticity (Figure 5) indicates that DNA is not the only parameter involved
(26).
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Figure 4: Quantification of extracellular DNA in CF sputa (n=25, mean + SEM). An apparent correlation is visible between
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significant difference (unpaired t test, *** p < 0.001).
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Figure 5: Influence of DNA (A) and F-actin (B) concentration of CF sputa on elastic and viscous moduli of the samples. No
correlation was established (Pearson test, p>0.05).

3.3. Actin quantification

Globular actin (G-actin) is a potent inhibitor of rhDNase (17). We might expect an improved enzymatic
activity of PEG40-rhDNase in the presence of actin compared with the unconjugated protein. In fact,
PEG is known to prevent the approach of any other proteins, as G-actin and proteases, near the
PEGylated protein due to the flexibility and hydration of the polymer and the steric hindrance it creates
(37). However, PEG40-rhDNase was inhibited by actin to the same extent as rhDNase was (Figure 6),
indicating that the actin-binding and PEGylation sites (N-terminus, (11)) were not sufficiently close to
each other (Figure 6C). G-actin and rhDNase form a stoichiometric 1:1 complex with high affinity
(dissociation constant of 30 nM (4)) and PEG might not prevent their association unless it is present
within the binding interface.
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Figure 6: Viscosity analysis of DNA (A) and DNA containing actin (B) solutions following incubation with rhDNase or PEG40-
rhDNase (n=5, data were normalized to the time zero DNA viscosity for each protein). A kinetic evaluation of the enzymatic
activity of each protein was recorded over 30 min and showed to be identical for both proteins in absence or presence of actin
(two way-ANOVA, p > 0.05). Actin inhibition of rhDNase and PEG40-rhDNase is illustrated in B. C. 3D structure of rhDNase
(4AWN from the Protein Data Bank). The N-terminal leucine (at the surface of the protein; full line arrow) and the amino acids
of rhDNase interacting with globular actin (at the surface of the protein; dotted line arrow) are indicated. Calcium (grey balls)
and magnesium (black ball) ions are represented as well as N-acetyl-o-glucosamine (skeletal organic structure on the right),
2-[bis-(2-hydroxy-ethyl)-amino]-2-hydroxymethyl-propane-1,3-diol (skeletal organic structure on bottom) and phosphate ion
(linked to magnesium ion) (25).

Because G-actin inhibited both rhDNase and PEG40-rhDNase in vitro, we quantified it in CF sputa in
order to see whether mucolytic activities inversely correlate with G-actin content. The specific binding
of rhodamine-labelled phalloidin to filamentous actin (F-actin) was used to measure the content of the
different forms of actin in the sputa. The 25 CF sputa contained on average 91 pg/mL of G-actin and
180 png/mL of F-actin (Figure 7). Overall, all samples contained similar quantities of total actin (G+F
actin; Figure 7). The quantity of G-actin in the sputa appeared to be linked to their visual aspect as a
correlation was visible between purulence and G-actin content. The F-actin content did not correlate
with the elastic and viscous moduli of samples (Figure 5), as it could have been expected (13). Moreover,
no correlation was established between the concentration of G-actin and the activity of rhDNase,
highlighting that rhDNase and PEGylated rhDNase were active to the same extent whatever the content
of G-actin in the sputum (Figure 8). Therefore, the role of G-actin in the reduction of rhDNase efficacy
was not verified in our ex vivo evaluation. Overall, rhDNase and PEG40-rhDNase therapies in CF sputa
both showed positive outcomes (Figure 1).
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Figure 7: G-actin and F-actin quantification in CF sputa (n=25, mean + SEM). An apparent correlation is visible between the
purulence of the sample and the concentration of G-actin.
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Figure 8: Influence of G-actin content on the activity of rhDNase and PEG40-rhDNase in CF sputa. Elastic (A) and viscous
(B) moduli. No correlation was established between G-actin concentration and decrease of elastic or viscous modulus
following addition of rhDNase or PEG40-rhDNase (Pearson test, p>0.05).

3.4. Tons quantification

Divalent metal ions such as Ca>" and Mg?" are required for the activity of rhDNase (21). Therefore, CF
sputa were analyzed for ions content (Ca?", Mg?>" and K*). Mean values, also taking into account the
purulence of samples, are shown in Table 1. In 1984, Kilbourn already analyzed the composition of
sputa from patients with CF and reported that, over a total of 12 patients, samples contained 1.1 = 0.2
mM of Ca*", 0.14 £ 0.01 mM of Mg?" and 28 + 2 mM of K* (14). More recently, Sanders et al. quantified
Ca*", Mg?" and K" in sputa from clinical and clinical non-responders to rhDNase treatment (30). Samples
from clinical responders contained 3.0 mM of Ca*", 2.0 mM of Mg*" and 22 mM of K*. Clinical non-
responders sputa were also characterized by a Ca*" concentration of 3.0 mM but presented lower Mg**
and K" contents with concentrations of 1.3 mM and 18 mM, respectively. Except for the one-order of
magnitude increase in magnesium concentration, our data were in good agreement with the values
obtained by Kilbourn. Compared to Sanders et al. data, our results showed similar concentrations of
Mg*" and K™ and lower content of Ca**. We sorted the samples based on their visual aspect (Table 1)
and showed that Mg?" concentration was not linked to the purulence of the sputa. Also, no correlation
was seen for calcium and potassium ions.

Table 1: Quantities of Ca?*, Mg?* and K* found in CF sputa. Similar concentrations were measured in purulent (n=14), muco-
purulent (n=8) and mucoid (n=1) samples. Data presented are mean + SEM.

Purulence [Ca’"] (mM) [Mg?] (mM) [K'] (mM)
Purulent 14+£0.2 22+0.2 24+ 1
Muco-purulent 1.8+£0.2 1.9+£0.2 26+3
Mucoid 1.4 1.8 22
Average 1.5+0.2 2.1£0.2 24 +1

3.5. Relationships between the different sputum parameters

We demonstrated that the more purulent the sputum, the higher the DNA and G-actin contents (Figure
4 and Figure 7). However, our results did not show any significant correlation between the viscoelastic
properties of the sputum and the concentration of DNA and F-actin (Figure 5). Moreover, we
demonstrated that rhDNase and PEG40-rhDNase were active whatever the G-actin content (Figure 8).
To further strengthen our analysis, we assessed the possible link between rhDNase or PEG40-rhDNase
enzymatic activity and ions sputum contents.

Ca®" and Mg*" are involved in the stability and activity of rhDNase (21, 24). Therefore, concentrations
of Ca?" and Mg*" were compared to the enzymatic activity of rhDNase (Figure 9). Results obtained
showed that the activity of thDNase on the elastic modulus of sputum inversely correlated with the
content of Ca?’, suggesting that the higher the Ca** concentration, the lower the activity of rhDNase on
G’. This finding is in contradiction with the fact that calcium ions are required for the stability and
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enzymatic activity of rhDNase (24). However, the activity of PEG40-rhDNase on elastic modulus of CF
sputa did not depend on Ca*" concentration. Also, the activity of both proteins on viscous modulus were
independent on the concentrations of calcium and magnesium ions of CF sputa. Therefore, rhDNase and
PEG40-rhDNase were active whatever these metal ion contents in sputa. Sanders et al., in their
evaluation of the role of magnesium ions in the failure of rhDNase therapy in patients with CF, showed
that the enzymatic activity of rhDNase correlated with the Mg?* content in CF sputum (30). The authors
defined three groups based on magnesium concentration: sputa containing [Mg?"] > 1.7 mM were
strongly degraded by thDNase, sputa containing 1.4 mM < [Mg?] < 1.7 mM were weakly degraded by
rhDNase and sputa containing [Mg?'] < 1.4 mM were not degraded by rhDNase. However, we did not
observe such a relationship (Figure 9). Overall, our results highlighted that both thDNase and PEG40-
rhDNase were active whatever the Mg?" concentration in CF sputa.

Moreover, the presence of metal ions in CF sputa such as magnesium and potassium promotes the
formation of F-actin to the detriment of the globular form of actin (G-actin) (20). Our results
demonstrated that no correlation could be established between the contents of Mg?* and K* and G-actin
concentration (Figure 10). Sanders et al. suggested that thDNase activity in CF sputa was indirectly
linked to the concentration of Mg?* through the conformation of actin under the globular or filamentous
form (30). Our results showed that G-actin concentration did not significantly correlate with the
magnesium ions content found in CF sputa (Figure 10A), nor with rhDNase activity (Figure 8). Sanders
et al. reported that both magnesium and potassium ions promote the polymerization of G-actin into F-
actin starting at concentrations of 0.4 mM and 10 mM, respectively (30). Regarding the content of both
ions found in our CF sputum samples (2.11 mM for Mg?* and 24 mM for K*), our data are in good
agreement with the fact that, at such Mg?*" and K* concentrations, more F-actin than G-actin is present
in CF sputum (Figure 7). However, purulent, muco-purulent and mucoid samples contained similar Mg?*
and K" concentrations but different G-actin content, suggesting that Mg?* and K* ions might not be the
only parameters that influence the polymerization of G-actin in vivo.

Finally, taking together all data collected for rhDNase and PEG40-rhDNase activities in CF sputum, the
ability of both proteins to degrade the sputum was not dictated by the concentration of any parameter
measured (DNA, G-actin, Ca?*, Mg?" and K*).
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Figure 9: Influence of Ca?* (A and B) and Mg?* (C and D) contents in CF sputa on the activity of rnDNase and PEG40-
rhDNase. A significant correlation was only verified for calcium ions concentration and the activity of rhDNase on the elastic
part of the samples (A, Pearson test, p<0.05). No correlation was established between Ca?* and decrease of elastic modulus
nor between Mg?* and decrease of elastic or viscous modulus following addition of rhDNase or PEG40-rhDNase (Pearson
test, p>0.05).
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Figure 10: Influence of Mg?* (A) and K* (B) contents on G-actin concentration in CF sputa. No correlation was established
for both ions (Pearson test, p>0.05).

4. Conclusion

Since rheological methods can directly assess the efficacy of mucolytic agents, PEG40-rhDNase and
rhDNase were evaluated in terms of enzymatic activity in CF sputa in order to predict the therapeutic
value of the PEGylated protein. This clinical evaluation indicated that PEGylation preserved the
mucolytic activity of rhDNase since both PEG40-rhDNase and the unconjugated enzyme induced a
similar decrease of elastic and viscous moduli of the sputa. Concentrations of rhDNase remaining in CF
sputa following one hour incubation at 37°C and rheology indicated that PEGylation increased rhDNase
stability in respiratory secretions. DNA and G-actin quantities found in CF sputa were linked to the
visual inspection of samples: the more purulent the sputum, the higher the DNA and G-actin
concentrations. Overall, both rhDNase and PEG40-rhDNase were active whatever the DNA content of
the CF sputum. Similarly, metal ions concentrations did not interfere with the activity of thDNase,
PEGylated or not. In vitro analysis showed that rhDNase and PEG40-rhDNase were partially inhibited
by G-actin, but ex vivo evaluation of their mucolytic activity in CF sputa highlighted that PEGylation
preserved rhDNase activity, independently of the content of G-actin in the sample. These results provide
support to the development of a long-acting version of rhDNase to treat CF lung disease.
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