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ABSTRACT. Recombinant human deoxyribonuclease (rhDNase) has been demon-
strated to reduce in vitro the viscosity and to improve the transport capacity of
purulent respiratory mucus in cystic fibrosis. During episodes of exacerbation of
chronic bronchitis, the patients generally expectorate purulent mucus. Purulence
of mucus is associated with an increased deoxyriboneucleic acid (DNA) concentra-
tion.

We analyzed in vitro the potential effect of rhDNase on chronic bronchitis mucus
transport by the ciliary activity (frog palate model) and by simulated cough (cough
machine model), as well as the effect on mucus viscosity (controlled stress rheome-
ter) and surface properties (contact angle). Purulent sputa collected from patients
with chronic bronchitis (n=15) during an episode of exacerbation were incubated
for 30 min at 37°C with either rhDNase at two different concentrations (final con-
centration 2 or 4 ng'-mL-!) or placebo.

The median mucociliary transport rate was significantly improved by rhDNase
from 0.68 with placebo to 0.79 and 0.83 with 2 and 4 ng-mL-! of rhDNase, respec-
tively. A significant improvement in mucus cough transport was also induced
by rhDNase from 25.5 mm with placebo to 27.0 mm with either 2 or 4 pg-mL-!
rhDNase. These improvements in mucus transport capacity were associated with
alterations in the physical properties of the mucus. The mucus median control
viscosity (511.4 Pa.s) and median contact angle (0.85 rd) significantly decreased
to 112.5 Pa.s and 0.74 rd, respectively, in the presence of 4 pg-mL-! of rhDNase.

These findings demonstrate that recombinant deoxyribonuclease may exert a
beneficial effect on mucus clearance in vitro by altering the viscosity and surface
properties of the purulent chronic bronchitic sputum samples.
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Chronic obstructive lung diseases include several dis-
ease entities, such as chronic bronchitis (CB), chronic
obstructive bronchiolitis (COB) and cystic fibrosis (CF). All
these diseases include common features, such as mucous
cell hyperplasia and metaplasia, hypersecretion of mucus,
airway oedema and denudation of the lining epithelium,
in which airway inflammation plays a key role [1]. In
CF, the frequent exacerbations of endobronchial infec-
tion by Pseudomonas aeruginosa are associated with a
decreased mucociliary transport and with the accumula-
tion of viscous and infected secretions [2, 3]. The per-
sistence of infections due to the difficulty of eradicating
P. aeruginosa provides a stimulus for the production of
neutrophil chemotactic factors, that cause a marked
increased influx of neutrophils to the lung [4]. The infil-
tration of the airway mucosa with neutrophils and the
proteases released during inflammatory cell activation
and phagocytosis lead to a massive accumulation of
deoxyribonucleic acid (DNA) in the airway lumen and
in mucus, which is derived from neutrophils and other
exfoliated cells [5, 6].

Airway secretion purulence is generally associated with
an increased DNA content and increased viscosity [7].
Nevertheless, some controversy exists in the literature on
the specific role of DNA. In a group of CB sputum sam-
ples, we were unable to demonstrate a significant corre-
lation between DNA, viscosity and elasticity of sputum
[8]. A lack of correlation between DNA content and
viscosity was further confirmed by Picor et al. [9], sugg-
esting that other biochemical constituents than DNA may
participate in the increased viscosity of sputum in CB.

The highly purified recombinant human deoxyribonu-
clease (rhDNase) I was recently cloned and expressed [10].
In a recent study carried out in CF patients, we demon-
strated that mucus viscosity closely correlates with DNA
concentration and that the addition of thDNase to these
CF purulent sputum samples decreases the viscosity and
improves the mucus transport capacity [11].

Airway infection associated with purulent sputum is
also a common complication of chronic bronchitis. We
have recently shown that children with recurrent bron-
chitis sustain a severe bronchial inflammation associated
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with an increased number of serum-derived proteins and
leucocytes. Associated with a reduced mucus transport
rate, these alterations may result in mucus obstruction of
the airway [12].

To investigate the potential of rhDNase for the treat-
ment of patients with chronic obstructive lung diseases
other than CF, we analysed the effect of rhDNase on the
rheological and transport capacity of purulent sputum
samples collected in patients with chronic bronchitis, who
were admitted to hospital for an acute pulmonary exac-
erbation.

Material and methods

Patients

Fifteen patients (11 males and 4 females) with chronic
bronchitis (characterized by cough and sputum produc-
tion for more than 3 months a year over a duration of
at least two successive years) were admitted to hospital
for an acute pulmonary exacerbation defined according
to the criteria described by ANTHONISEN et al. [13], includ-
ing an increase in sputum production, purulence, dysp-
noea, and a severe hypoxemia (arterial oxygen tension,
Pa0,, 8 kPa (<60 mmHg)). The forced expiratory vol-
ume in one second/forced vital capacity ratio (FEV1/FVC)
expressed as percentage of predicted value was low (medi-
an 43% pred) and ranged 32-52% pred. The exclusion
criteria were as follows: cystic fibrosis, radiological doc-
umented bronchiectasis or radiological parenchymal infec-
tion. The median age of the patients was 68 yrs (57-83
yrs). With one exception, they were all ex-smokers (30—
100 pack-years). They exhibited dyspnoea and hypox-
aemia, PaO, ranging 5.9-7.9 kPa (44-59 mmHg). In five
of the 15 patients, chest radiographs showed that chronic
bronchitis was associated with emphysema.

Airway secretion collection

The samples of airway secretion were collected for 30
min by physiotherapy manoeuvres (percussion, vibration,
breathing exercises) using dental cotton-wool swabs to
limit the salivary contamination [14]. After expectoration,
the secretions were gently aspirated in a plastic syringe
which was then sealed and kept at 4°C during transportation
by express mail (1 day) to the laboratory. The express
mail conditions at 4°C temperature were satisfactorily
controlled and did not induce any significant alterations
in the rheological and physical properties of the native
mucus (unpublished data). It is of interest to note that
freezing and thawing of purulent CF sputum lead to a sig-
nificant alteration in the physical surface properties of sam-
ples. The CB patients expectorated large volumes of sputum
(50-100 mL-day-!, n=13 and >100 ml-day-!, n=2). All but
two samples were infected by Haemophilus influenzae
and/or Staphylococcus aureus.

Study design

For analysis, the sample of mucus was divided into three
aliquots. Each aliquot was incubated for 30 min at 37°C
either with placebo (NaCl 150 mM + 1 mM CaCl,=

control) or with two different concentrations of thDNase
in placebo (final concentrations 2 or 4 pg-mL-! of mucus).
These concentrations are representative of concentrations
following inhalation of 2.5 mg of rhDNase [15]. The vol-
ume of placebo or thDNase diluted in placebo which was
added to the mucus represented 4% of the volume of the
mucus sample; it was gently mixed into the mucus for 5 s
using a manual stirrer. After the incubation period, the
viscoelastic and surface properties of each mucus aliquot
were analysed. The transport of mucus by ciliary activity
(frog palate model) and by cough (simulated cough machine)
were also measured.

Methods

Viscoelastic properties

The viscoelastic properties of the mucus were analysed
by using a controlled stress theometer (TA Instruments)
equipped with a cone-plate geometry [16]. The angle
between the cone and the plate was 0.017 radian and the
sample volume required was 20 pL. The measurements
were carried out at 25°C using the creep test technique.
A constant stress of 10 Pa was applied to the sample and
the resultant strain was recorded versus time. When a
steady flow was achieved, the applied stress was sup-
pressed and the recovery angle y of the strain, represen-
tative of the mucus elasticity, was measured. The slope
of the strain versus time curve was representative of the
shear rate applied to the mucus sample. The ratio shear-
stress/shear rate and the ratio shear stress/shear strain
allowed the mucus viscosity and the mucus elastic mod-
ulus, respectively, to be calculated.

Surface properties

The surface properties of the mucus were analysed by
measuring the contact angle of a 20 pL drop of mucus,
which was deposited on a glass slide in a small cham-
ber with 100% relative humidity. An image analysis
technique was used to measure the angle between the
tangent to the mucus/air interface and the horizontal at
the contact point of the drop of mucus with the glass
slide [17].

Transport of mucus by cough

Experiments were performed using the cough machine
developed by KING et al. [18]. A tank of 6L in volume
was used as a reservoir for pressurized air and was con-
nected through a solenoid valve to a plastic tube simu-
lating the trachea. The floor of this tube was made by
the glass slide, on which the drop of mucus used for con-
tact angle measurement was deposited. A cough was
simulated by opening the solenoid valve, releasing the
pressurized air through the model trachea in which the
airflow was 6 L-s'l. The distance travelled by the mucus
under the effect of the airflow was measured and repre-
sented the mucus cough transport. According to the vol-
ume of mucus collected, one or two measurements were
made for each aliquot.
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Transport of mucus by ciliary activity

In vitro measurements of the transport of mucus by
ciliary activity were made using the frog palate technique
[19]. Isolated palates from frogs (Rana esculenta) were
placed in a plexiglass chamber at a controlled tempera-
ture (25°C) and in 100% relative humidity. After 24 h,
the endogenous mucus secretion of the isolated palate was
exhausted but the cilia remained active. This depleted
palate was used to measure the mucociliary transport both
of the control frog mucus and the CB respiratory mucus.
A drop of mucus (1 pL) taken from the palate of a recently
killed frog was placed on the depleted palate and its trans-
port velocity was measured by following the displace-
ment, through a stereomicroscope, of a calibrated aluminium
disc (600 pm in diameter) placed on the mucus drop.
Thereafter, the transport velocity of the CB respiratory
mucus aliquots was measured in the same manner, and
the results were expressed as relative transport rate, cor-
responding to the ratio of CB respiratory mucus transport
rate to the control frog mucus transport rate, both being
measured on the same depleted frog palate. Three mea-
surements were made for each mucus aliquot.

Measurement of total DNA content

Mucus DNA content was determined by the modified
diaminobenzoic acid (DABA) assay [20] developed by
Kissane and RoBins [21]. Briefly, mucus was diluted 10
fold with diluent (25 mM hydroxyethylpiperazine ethane-
sulphonic acid (HEPES), 1 mg-mL-! bovine serum albu-
min (BSA), 4 mM CaCl,, 0.05% polysorbate 20, and
0.01% thimerasol, pH 7.5) and incubated at 60°C for 1 h.
Fifty microlitres of the diluted mucus was incubated in
microtitre plate wells with 50 nL of 20% 3,5-diamino-
benzoic acid hydrochloride solution at 60°C for 1 h. Fifty
pL of 5 N HCI was then added to stop the reaction. Fluo-
rescence was measured in a microtitre plate fluorometer
(with 390 nm excitation and 530 nm emission filters).
Salmon testes DNA (Sigma) was used to establish the
standard curve. This assay, which measures total DNA
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Fig. 1. — Effect of recombinant dioxyribonuclease (rhDNase) on: a)

the mucus viscosity; and b) the mucus angle of contact after incuba-
tion with 2 and 4 pg-mL-! of rhDNase. The differences were tested
by the nonparametric Wilcoxon test. The data are expressed as medi-
an values and interquartile ranges. *: p<0.05 vs control.

concentration independent of its length, was performed
on all 15 samples.

Statistical analysis

All the data are expressed as a median value and
interquartile range. The Spearman correlation test was
used to relate the DNA content to the rheological and
surface properties of mucus. The nonparametric Kruskal-
Wallis test was used to analyse the dose-dependent effect
of rhDNase on the rheological and functional properties
of mucus. The nonparametric Wilcoxon test was used
to compare the control mucus with the DNase-treated
mucus. A p-value of less than 0.05 was considered to
be significant.

Results

The DNA content in the 15 sputum samples collected
in the CB patients ranged from 0.4-6.8 mg-mL-! (median
1.8 mg-mL-!). The sputum DNA content of the CB
patients was thus much lower (p<0.01) compared to the
DNA content of CF sputum samples (median 8.5 mg-mL-1,
range 2.4-19.4 mg-mL-!) that we had analysed previ-
ously [11]. In our population of CB patients, no corre-
lation could be demonstrated between the DNA content
and the mucus viscosity (r=0.10; p>0.78). Very close
low values of DNA (e.g. 0.6 and 0.4 mg-mL-!) could be
observed for a wide range of values of mucus viscosity
(20 and 3.7x103 Pa.s, respectively).

Compared to control (median viscosity 511.4 Pa.s), a
progressive decrease in the mucus viscosity was observed
at a rhDNase concentration of 2 and 4 pg-mL-! (medi-
an 118.4 and 112.5 Pa.s, respectively) (fig. la). At a
concentration of 4 pg-mL-!, the decrease of viscosity was
significant (p<0.03) as was the decrease (p<0.05) in
mucus contact angle (fig. 1b). Although the elastic modu-
lus decreased in association with the increase of rhDNase
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Fig. 2. — Effect of recombinant deoxyribonuclease (rhDNase) on: a)

the in vitro mucociliary transport rate; and b) the mucus cough trans-
port after incubation with 2 and 4 pg-mL-! of rhDNase. **: p<0.01;
*: p<0.05 vs control. The differences were tested by the nonparamet-
ric Wilcoxon test. The data are expresses as median values and
interquartile ranges.
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concentration (control median elastic modulus 19.6 Pa;
12.2 Pa at a rhDNase concentration of 2 pg-mL-! and
11.3 Pa at a thDNase concentration of 4 pg-mL-!), the
differences were not significant.

An increase in mucociliary transport rate was also
obser-ved (fig. 2a). Compared to control values (medi-
an 0.68) the mucociliary transport rate was significant-
ly (p<0.01) higher at rhDNA concentration of 2 and 4
pg-mL-! (median 0.79 and 0.83, respectively). The mucus
cough transport also significantly (p<0.05) improved after
rhDNase (median control 25.5 mm; 27.0 mm at rhDNAase
concentration of 2 pg-mL-! and at 4 pg-mL-1).

Discussion

This in vitro study demonstrates that, in chronic bron-
chitic patients, with purulent expectorations collected dur-
ing an exacerbation of their disease, the addition of
rhDNase to sputum at a final concentration of 2 and 4
pg-mL-! significantly improves the mucociliary and cough
transport in association with a significant decrease
only at the concentration of 4 ng-mL-! in the rheological
(viscosity) and surface (angle of contact) properties of
airway secretions.

Abundant and purulent airway secretion is not only a
hallmark of CF lung disease and is also common in other
obstructive lung diseases. The term "chronic obstructive
pulmonary disease" (COPD) refers to a spectrum of chron-
ic bronchitic diseases characterized by cough, sputum
production, dyspnoea, airflow limitation and gas exchange,
very often associated with inflammation. Studies of lung
biopsies and bronchoalveolar lavages have shown that
the airway mucosal and luminal inflammation correlat-
ed with hypersecretion and sputum purulence [22].

The fifteen in-patients included in our study all had a
history of chronic bronchitis and were admitted to the
hospital for an acute pulmonary exacerbation. All the CB
patients expectorated purulent secretions. Six of them
expectorated more than 80 mL of sputum per day. Huge
variations of the viscosity and surface properties were
observed from one patient to another (viscosity range
19.4-3750 Pa.s and angle of contact range 0.48—1.23 rd)
but we could not demonstrate any significant correlation
between the DNA content and the viscosity [8, 9]. This
is in apparent disagreement with the results reported pre-
viously in CF, where a significant and close (r=0.82;
p<0.01) relationship was demonstrated between the DNA
content and the viscosity of sputum samples [11]. This
may result from the fact that, compared to the previous
group of CF sputum samples, the range of sputum DNA
content is much smaller in this group of CB (range of
DNA 0.4-6.8 mg-mL-! in the CB patients and 2.4-19.5
mg-mL-! in the CF patients). A high median DNA con-
tent (2.9 pg-mL-!) was associated with the eight sputum
samples characterized by a low mucociliary transport rate
(20.7). In contrast, the median DNA content was lower
(1.3 pg'mL-1) in the seven sputum samples character-
ized by a high mucociliary transport range (>0.7). Never-
theless, no significant correlation could be identified
between the DNA content and the transport rate. Moreover,
the range of DNA content in CB sputum samples con-
trasts with the huge range of viscosity values and con-
firms that in CB, in addition to DNA concentration, other

factors, such as mucins, proteins and lipids, contribute to
the rheological and physical properties of airway secre-
tions [3]. Nevertheless, incubation of sputum from CB
patients with rhDNase leads to an improvement in mucocil-
iary clearance associated with alterations of the rheo-
logical and physical properties of sputum.

As shown in table 1, the rheological and physical prop-
erties of CF sputum samples reported previously [11]
appear to be more sensitive to thDNase as compared to
those of this group of CB sputum samples. At a similar
concentration of rhDNase (2 pg-mL-!), the percentage
decrease in viscosity is twofold higher in CF compared
to CB. Nevertheless, this latter decrease in viscosity of
CB sputum is sufficient to normalize the mucociliary
transport rate of these secretions.

It is of interest to note that of the eight CB patients
who initially demonstrated a low mucociliary transport
rate (ranging 0.52-0.63), six had a normal mucociliary
transport rate after incubation with rhDNase concentra-
tion of 4 pg-mL-L. Importantly, in the seven patients with
a relatively high transport rate (>0.70), none demon-
strated a decreased mucociliary transport capacity after
rhDNase incubation. In fact, five of the seven sputum
samples with an initial relatively high transport rate fur-
ther increased their transport rate after incubation with
rhDNase, either at 2 or 4 pg-mL-!I. Concerning the sur-
face properties of airway secretions, we observed, as we
had previously reported in a group of CF patients [11],
that rhDNase at a concentration of 4 pg-mL-! is able to
decrease the mucus contact angle. This change reflects
a decrease in mucus surface tension, generally associated
with a decrease in the adhesive properties of mucus and
a parallel improvement in the cough and ciliary trans-
port capacity. As suggested for CF secretions, the decrease
in the adhesive properties of CB secretions observed with
rhDNase could also represent an indirect effect of rhDNase,
for example the recovery of surface-active molecules,
such as phospholipids, which could be dissociated from
DNA molecules present in the mucus. Such changes are
likely to be responsible for the significant improvement
observed in the cough and ciliary clearability of the CB
sputum samples incubated with thDNase.

Taken together, these results suggest that the adminis-
tration of aerosolized recombinant deoxyribonuclease
may be beneficial to chronic obstructive pulmonary dis-
ease patients with airway inflammation, hypersecretion
and purulent sputum. This benefit is suggested by the reduc-
tion in sputum viscosity, the increase in mucus transporta-
bility and the increase in cough clearance of purulent
sputum collected in our group of 15 chronic bronchitic

Table 1. — Comparison of the median percentage change
in the rheological and transport properties of secretions
from chronic bronchitis (this study) or cystic fibrosis patients
(from [11]) after incubation with rhDNase at a final con-
centration of 2 pg-mL-1

Patients ~ Viscosity ~ Contact Cough Mucociliary
% angle %  transport% transport %

CB (n=15) -4 -1 +6 +9

CF (n=15) -87 -17 +29 +36

rhDNase: recombinant deoxyribonuclease; CB: chronic bron-
chitis; CF: cystic fibrosis.
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patients. It is well-known that the development of chronic
bronchitis is mainly related to an inflammatory process.
Not only adults but also children with recurrent bron-
chitis, outside of an episode of superinfection, maintain
severe bronchial inflammation [12]. The mucosal inflam-
mation characterized by an intraepithelial infiltration and
oedema, and a shedding of the surface epithelial cells
associated with a decreased mucociliary transport sug-
gest that, apart from inflammatory cells, exfoliated epithe-
lial cells may also contribute to an increased content of
deoxyribonucleic acid with a resulting hyperviscosity of
sputum. Whether recombinant deoxyribonuclease may
lead to clinical benefit in such patients remains to be
determined.
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