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Executive summary

Objectives

The objective of this study was to compare the
efficacy and cost-effectiveness of daily recombinant
human deoxyribonuclease (rhDNase), alternate-
day rhDNase and hypertonic saline (HS) in the
treatment of children with cystic fibrosis (CF).

Design

This was an open-label, active treatment random-
ised crossover trial.

Setting and participants

Children with a confirmed diagnosis of CF were
recruited from two large CF centres in London,
the Great Ormond Street Hospital for Children
NHS Trust and the Royal Brompton and Harefield
NHS Trust. Two inclusion criteria were age
between 5 to 18 years and capacity to perform
spirometry. The third inclusion criterion was the
requirement to either be currently using rhDNase
or to have a forced expiratory volume in 1 second
(FEV,) of less than 70% of the predicted value,
which is a generally accepted level for the clinical
introduction of rhDNase therapy. Exclusion criteria
were inability to attend appointments or take the
study medication, known severe hypersensitivity
to rhDNase or HS, isolation of Burkholderia cepacia
in the sputum, receiving research medication as
part of another trial within the past 4 weeks and
being pregnant or breastfeeding. To ensure that
patients were enrolled when they were clinically
stable, they had to be free of any lower respiratory
tract infection requiring a change in antibiotics,
steroids or bronchodilator treatment, during the
14 days before randomisation.

Interventions

Each patient was allocated consecutively to
12 weeks of treatment with once-daily 2.5 mg
rhDNase, alternate-day 2.5 mg rhDNase or twice-
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daily 5 ml of 7% HS, in random order. There was
a 2-week washout period between treatments.

Main outcome measures

Patients were assessed at the beginning and end of
each of the three treatment periods. The primary
outcome measure was FEV,. Secondary outcome
measures were forced vital capacity, number of
pulmonary exacerbations, weight gain, quality of
life, exercise tolerance, total healthcare cost and
relative cost-effectiveness.

Results

A total of 48 children were recruited to the study.
Following 12 weeks of treatment, there was a mean
increase in FEV, over baseline of 16% (standard
deviation (SD) 25%), 14% (SD 22%) and 3% (SD
21%) with daily rhDNase, alternate-day rhDNase
and HS, respectively. Comparing daily rhDNase
with alternate-day rhDNase, there was no evidence
of difference between the treatments (2%; 95%
confidence interval (CI), 4% to +9%; p = 0.55).
However, daily rhDNase showed a significantly
greater increase in FEV, compared with HS (8%;
95% CI, 2% to 14%; p = 0.01). The difference in
cost between daily rhDNase and alternate-day
rhDNase was £513 (95% CI, —-£546 to £1510) and
between daily rhDNase and HS it was £1409 (95%
CI, £440 to £2318). None of the other secondary
outcome measures showed significant differences
between the treatments.

Conclusions and research
recommendations

Alternate-day rhDNase appears to be as effective
as daily rhDNase in CF and, on average, reduces
health service costs. It appears that 7% HS is not
as effective as daily rhDNase, although there

was some variation in individual response.

To support our results, a follow-up long-term
parallel trial comparing daily rhDNase with
alternate-day rhDNase, which includes a health
economic analysis, should be performed.
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Chapter 1

Introduction

ystic fibrosis (CF) is the commonest single-
gene disorder of Caucasians in the UK.
It is estimated that almost 8000 people have the
condition, 4500 of those being children.! CF is an
autosomal recessive disorder. In the UK Caucasian
population, 1 in 25 are carriers and about 1 in
2500 have the disease. The prevalence is much
lower in non-Caucasians. Most of the morbidity
and mortality is from pulmonary disease, which
is characterised by bronchial and bronchiolar
obstruction by thick tenacious secretions that
are difficult to clear.” Retention of abnormal
airway secretions promotes recurrent respiratory
infections, cycles of inflammation and progressive
lung damage.”

Recombinant human
deoxyribonuclease

Background

DNA derived from the disintegration of inflam-
matory cells, particularly neutrophils, is a major
contributor to the viscosity of airway secretions
and is present in very high concentrations in the
sputum of patients with CE.*” Around 50 years ago,
it was shown that bovine pancreatic deoxyribonu-
clease I (DNase I), an enzyme that cleaves DNA,
reduced the viscosity of lung secretions in vitro.®
Based on these observations, bovine pancreatic
DNase I (Dornavac or Dornase) was approved

in the USA for human use in 1958. Numerous
uncontrolled clinical studies in patients with
pneumonia and one study in CF suggested that
bovine pancreatic DNase I was reasonably safe
and effective in reducing the viscosity of lung
secretions.”® However, severe adverse respiratory
reactions did occasionally happen, perhaps as a
consequence of allergic reactions to a foreign
protein or of irritation due to contaminating
proteases (up to 2% trypsin and chymotrypsin
was reported to be present in the final product).®’
Consequently this agent lost popularity and its
use was stopped without controlled clinical

trials ever having been undertaken.

DNase I also occurs naturally in humans. It

digests extracellular DNA released during cellular
destruction. Using recombinant technology, an
exact copy of the native human enzyme was cloned
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and sequenced in 1990." In the first laboratory
studies, recombinant human deoxyribonuclease
(rhDNase) hydrolysed extracellular DNA in
purulent sputum from CF patients. The viscosity
of the sputum, measured qualitatively by the
pourability assay, was found to be significantly
reduced.'’ Researchers proposed that the reduc-
tion in sputum viscoelastic properties observed in
vitro could benefit patients with CF by improving
airway clearance, thus reducing obstruction and
the frequency and severity of chest infections.
Stable formulations of rhDNase were then devel-
oped for aerosol delivery and a series of clinical
trials was undertaken to test this hypothesis.

MEDLINE was used to search for all the papers
relevant to rhDNase in any clinical context, using
‘DNase’ as the keyword. All papers relevant to
HS were also retrieved combining ‘saline’ and
‘cystic fibrosis’. One of the present authors
(Colin Wallis) also undertook a Cochrane

review of rhDNase in CF.

Clinical trials of rhDNase

The safety of rhDNase in hospitalised adults

with CF had been evaluated in two Phase I dose-
escalation studies. No significant adverse events
were identified. Neither the enzyme nor antibodies
against it were detected in serum.'""?

Phase II studies were then performed in the UK
and USA, involving patients aged at least 7 years
and having mild to moderate CF pulmonary
disease.”™'* In both studies, patients were treated
with rhDNase or placebo for 10 days. In the UK
study, at day 10, rhDNase treatment (2.5 mg
rhDNase twice daily) had significantly increased
mean forced expiratory volume in 1 second (FEV,)
by 13% from baseline compared with placebo."”
Rapid deterioration to baseline occurred within
a few days of cessation of therapy.

The Phase II study conducted in the USA pro-
duced similar results."* CF patients (7 to 51 years
of age) were randomly allocated to receive
rhDNase 0.6, 2.5 or 10 mg twice a day or placebo.
All three dosages of rhDNase resulted in a statis-
tically significant improvement in pulmonary
function: mean forced vital capacity (FVC)
increased 10-12% and mean FEV, increased
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12-14%. However, the 2.5-mg and 10-mg rhDNase
treatment groups demonstrated the greatest
improvement in FEV, and FEV,/FVC ratio.
Improvement in quality-of-life (QoL) measures
(e.g. dyspnoea score, cough frequency, congestion)
was consistently greater among rhDNase-treated
patients than among recipients of placebo.

The main objective of the subsequent Phase III
study' in North America was to test the hypothesis
that 2.5 mg of nebulised rhDNase given either
once or twice daily would maintain an improve-
ment in lung function and reduce the incidence
and severity of lung infections in patients with
mild to moderate CF pulmonary disease. The
double-blind, randomised placebo-controlled
study involved 51 CF centres and 968 CF patients
were enrolled. Patients were included if they were
5 years of age or older, had a confirmed diagnosis
of CF and had an FVC which was > 40% of the
predicted value for height. The patients were then
randomly allocated to receive 2.5 mg rhDNase
once or twice daily or placebo for 6 months. The
initial improvement in FEV, during the first month
of administration was 7.9% for once-daily, and
9.0% for twice-daily rhDNase administration. At
the end of the 6-month period, the improvement
in FEV, for the placebo group was 0%, for the
once-daily group it was 5.8%, and for the twice-
daily group it was 5.6%. However, there was a wide
variation in individual response. Only 30% of
patients treated with rhDNase once daily and

28% of those treated with rhDNase twice daily
had an improvement of more than 10% in FEV,.
However, 6% and 7% of patients treated with
rhDNase once and twice daily, respectively

had a decline of more than 10% in FEV,.

Administration of 2.5 mg rhDNase, either once
or twice daily, reduced the risk of a respiratory
infection requiring parenteral antibiotics by 22%
and 34%, respectively. However the absolute
changes were of little clinical significance. Reduc-
tions were obtained in terms of days in hospital,
days on parenteral antibiotics, and days at home
due to illness for those patients receiving rhDNase.
Treated patients also reported improved per-
ception of dyspnoea, overall well-being and
CF-related symptoms.

Further studies were undertaken to evaluate the
efficacy of rhDNase in patients with severe lung
disease (FVC < 40%). This group represents 7%
of the CF population, and many are on transplant-
ation waiting lists.'® In a short-term, placebo-
controlled, multicentre study, 70 severely ill
patients were randomly allocated to receive either

2.5 mg rhDNase twice daily or placebo for

14 days."” After 14 days, there was no statistically
significant difference in pulmonary function
between the groups. The patient group then
continued to receive open-label rhDNase for a
further 6 months. At the end of this period clear
improvement in pulmonary function was recorded,
with a mean increase in percentage predicted
FEV, and FVC of 9% and 18%, respectively.

Another multicentre, double-blind trial was
performed comparing once-daily 2.5 mg rhDNase
with placebo in 320 patients with severe lung
disease.'® After 3 months of study, rhDNase was
found to produce a statistically significant improve-
ment in pulmonary function. This suggested that
the more severely affected patients appear to
respond more slowly to therapy. Although there
had been concerns that mobilisation of secretions
could be hazardous in patients with advanced lung
disease, administration of rhDNase did not appear
to increase the major complications of CF in these
studies. However, when rhDNase was given for

14 days in patients with an acute pulmonary
exacerbation there was no improvement in
pulmonary function compared with placebo."

The trials showed rhDNase to have an excellent
safety profile. Adverse events during rhDNase
treatment were generally mild and the drug was
well tolerated. The most common adverse events
were respiratory. As rhDNase is administered

by nebuliser, it is difficult to determine whether
these events were causally related to the drug

or the method of administration or were part

of the disease. In over 1500 patients with CF who
have used rhDNase for more than 2 years there
have been no reports of anaphylaxis or allergic
reactions.” Reported side-effects have mostly
included pharyngitis and hoarseness.” At the
lower dose of rhDNase (2.5 mg once or twice
daily) there has been no increase in the incidence
of haemoptysis. Antibodies have developed in
some patients, but the long-term implications

of this are unknown. A similar study of 2 years’
duration in patients with mild to moderate CF
also found no serious, unexpected pulmonary
adverse events during treatment with rhDNase.?'

The clinical trials established the safety and efficacy
of aerosolised rhDNase in CF patients over the age
of 5 years. Based on available research,” rhDNase
(Pulmozyme™, Roche Pharmaceuticals, UK) was
introduced as a treatment regime in CF at a dose
of 2.5 mg once a day At present, most CF centres
will consider a trial of rhDNase in children who
have a FEV, which is < 70% of normal for height.
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Some centres place limits on the use of rhDNase
in children under 5 years of age due to licensing
restrictions and because the safety of this treatment
in the developing lung is unknown. Delivery of
rhDNase should be via a recommended nebuliser
system and compressor.*” Ultrasonic nebulisers are
not recommended for use with rhDNase. Current
research indicates that rhDNase should be used on
a continuous basis to maintain benefit. It should
not be mixed with other drugs, but can be used
safely in sequence. Administration should not
immediately precede physiotherapy.

Currently rhDNase is widely used in the treatment
of CF, but controversies persist. Although many
patients improve on treatment, there is marked
variation in individual response. Attempts at
predicting the outcome for the individual patient
on the basis of pretreatment clinical data have
failed.” Therefore to assess response to rhDNase,
most CF centres have developed formal n-of-1 trials
of treatment to find out who benefits and to justify
prescribing the agent.* Most centres agree on

the outcome measures, namely lung function as
measured by spirometry, and the patient’s opinion.
There is less agreement about the duration of
such trials, with periods ranging from 2 weeks

to 3 months. Response to rhDNase at 3 months
has been shown to be a good predictor of response
at 1 year.*® However, no studies have assessed how
response to rhDNase after a shorter duration of
time correlates with long-term response.

Long-term effects of rhDNase

The long-term benefit of rhDNase remains
controversial.”” There are only four studies which
have assessed this, one randomised'® and three
observational.”*** The duration of the studies
ranges from several months to 2 years. In the best-
designed of the studies, Fuchs and colleagues"
showed that the initial improvement in FEV, of
approximately 9% declined over the first month
and remained stable at between 5% and 6%
thereafter. The observational study reported by
Shah and colleagues® showed a similar change
in lung function, which then remained stable
over 2 years.

A retrospective review of the effects of rhDNase
in children with CF showed that about one-third
of children had a sustained improvement in
spirometry results of more than 20% over a
year, but one-third actually deteriorated.* More
worryingly, many of the children who got worse
actually felt better. There was a good correlation
between lung function response at 3 months
and 1 year, which suggested sustained benefit.
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The most recent long-term study, by Milla,* used
a different design, in which the change in percent-
age predicted FEV, over time was compared for
the periods before and 2 years after the start of
rhDNase therapy. There was a more rapid decline
of lung function after rhDNase than before. Thus,
a beneficial long-term effect of rhDNase has not
yet been firmly established.

The effects of rhDNase on lung function

not only decrease with time, but also may be
completely lost after the medication is terminated.
One 6-month treatment study showed that, after
rhDNase was stopped, lung function dropped
markedly below the initial baseline level.”
Concern arises as to whether treatment with
rhDNase only effects a superficial removal of
secretions while, deeper down on the mucosal
surface, tissue damage continues as before. This
raises the possibility that rhDNase is a ‘cosmetic’
therapy, which merely masks the process of
ongoing destruction in the lungs.” It is important
to confirm that short-term improvements in lung
function caused by rhDNase are not traded

off against the potential risk of increased
pulmonary inflammation.

Effects of rhDNase on airway
inflammation

The initial hope that treating CF patients with
rhDNase would lead to a dramatic decrease in the
level of airway inflammation has not been realised.
When the clinical trials evaluating the efficacy of
aerosolised rhDNase in CF were under way, the
hypothesis evolved, based on in vitro studies,

that this form of therapy might actually increase
serine protease activity in the airways.” Activated
neutrophils in the CF lung release large amounts
of proteases, particularly elastase and cathepsin
G. Free elastase is inactivated, in part, by anti-
proteases, such as bronchial secretory leuco-
protease inhibitor and oy-antitrypsin. Another
fraction of these cationic enzymes forms
inactivated complexes with extracellular DNA.*
Thus cleavage of DNA may result in a significant
release of serine proteases, which may in turn
cause enhanced proteolytic activity.”

Studies have subsequently examined how treating
CF patients with rhDNase affects the neutrophil
protease load and interleukin-8 (IL-8) levels in

the lung. Rochat and colleagues™ assessed the
effect of 15 days of rhDNase therapy on neutrophil
elastase and cathepsin G activity in the sputum.
Both showed a rise following start of therapy,
although only the rise in cathepsin G activity was
significant. Following cessation of therapy, both
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showed a moderate decline, in keeping with the
findings of Kueppers and Fiel.” These findings,
however, are contradictory to those reported in
other studies.”** Shah and colleagues™ found a
significant increase in elastolytic activity 1 day
after the onset of rhDNase therapy. However

after 6 months of treatment, neutrophil elastase
activity had returned back to normal. Costello and
colleagues™ actually showed a significant decrease
in sputum elastase activity at 12 weeks following
initiation of rhDNase therapy. This reduction was
maintained at 52 weeks. All three studies, however,
found that rhDNase did not alter total IL-8 levels
in the sputum.

The reason for this conflicting data on protease
activity is difficult to explain, but the underlying
severity of the disease may be influential. The
studies by Shah® and Costello™ and their col-
leagues included patients with mild to moderate
pulmonary disease as indicated by a FVC which
was > 40% of predicted. Rochat and colleagues™
included patients with FEV, of 20 to 44% of
predicted value, representing moderate to severe
lung disease. Several studies have shown a direct
relationship between the severity of lung disease
and sputum levels of neutrophil elastase.””® CF
patients evaluated by Rochat and colleagues™
had elastase activity levels in sputum samples
obtained before initiation of rhDNase therapy
that were about one order of magnitude

higher than those in the study by Costello.*
Unfortunately, Rochat and co-workers™ do

not mention lung function data.

Of greater concern are the results of recent in vitro
work examining the effects of bovine DNase on
IL-8 in CF sputum.”” A previous study suggested
that IL-8 does not bind to DNA,” although this
was not substantiated with data. The previous
reports which have shown that rhDNase in vivo

has no effect on sputum IL-8 concentration have
failed to distinguish between IL-8 that is bound

to macromolecules and that which is free and
therefore biologically active.”*

Extracellular DNA in the airways is known to bind
the basic proteases, cathepsin G and neutrophil
elastase.” Perks and colleagues® have shown in
vitro that the anionic polymer DNA binds to the
cationic chemokine IL-8, and prevents it from
binding to neutrophil receptors. Bovine DNase in
vitro increased the proportion of free IL-8 ten-fold
and also increased significantly the IL-8-dependent
neutrophil chemotactic activity of the sputum
supernatants. They suggested that an electrostatic
interaction between DNA and IL-8 may limit the

inflammatory potential of the latter, but that this
interaction was weakened by DNA cleavage by
DNase. These findings®” which had only been
presented in abstract form at the commencement
of this study have now been published.”

Cost-effectiveness of rhDNase

Daily 2.5 mg rhDNase is an expensive therapy,
costing about £7442 per patient per year in the
UK.” Available cost analyses of rhDNase have
considered its impact on respiratory tract infection
(RTI)-related resource utilisation and costs.*"*
All the reports were generated by a single inter-
national project team®" which applied local cost
data for various countries to reductions in health-
care resource utilisation demonstrated in the

US study by Fuchs and colleagues.'® Costs were
considered for 24 weeks of rhDNase therapy

(2.5 mg once or twice daily) versus placebo in
patients with mild to moderate disease. As this
was a pre-market trial, the cost of rhDNase was
not included in the analyses but was added
afterwards in revised calculations.

For the USA," costs of RTI-related resource use
were estimated from the bills and discharge sum-
maries of 385 patients with CF. This information
was used to construct a cost-prediction model
which was then applied to the data of Fuchs and
colleagues' to estimate inpatient costs. Cost
estimates for outpatient antibacterial therapy
included drug costs, supplies and associated
professional services. Over a 24-week period,

the estimated average total cost of care related
to RTI was reduced by US$1682 and US$814
with rhDNase once and twice daily, respectively,
relative to placebo. Assuming once-daily dosing
of rhDNase, the authors speculated that the

cost savings would offset approximately one-
third the cost of the drug.

A similar range of cost offsets (approximately
17 to 27% of the acquisition cost) was found for
rhDNase 2.5 mg once daily in a European cost
analysis.” The 2.5 mg twice-daily dose was not
assessed, as its use is restricted in Europe. Local
estimates of unit costs (hospitalisation and
antibiotic costs) were determined for patients
in France, Germany, Italy and the UK and applied
to the RTI-related resource use data of Fuchs
and colleagues."” Reductions in the costs of RTI-
related care (excluding the cost of rhDNase)
were estimated to range from about £434
(US$700) in the UK to approximately FF7011
(US$1100) in France. Lower costs of inpatient
treatment represented the largest component
of these savings.
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An informal cost-utility analysis of rhDNase was
conducted by a development and evaluation com-
mittee of clinicians in the South and West Region
of England.” Clinical and resource utilisation data
from Fuchs and colleagues" were used. It was cal-
culated that the net costs (total costs less savings)
to the National Health Service (NHS) of prescrib-
ing daily rhDNase to CF patients, excluding those
with severe disease, would be £5900 per patient
per year. The investigators estimated the cost per
quality-adjusted life-year (QALY) for rhDNase

to be around £25,000. Details of the analysis,
however, were not reported.

Another study estimated the cost per life-year
gained using daily rhDNase to be approximately
£52,500 for all CF patients.44 However, for those
with moderate to severe lung disease (FEV, less
than 70% of predicted), the cost per life-year
gained was estimated at £16,000. The calculations
were made on the basis of a model developed from
previous studies'>*™ to estimate the rate of
decline in lung function for CF patients.

The incremental cost-effectiveness of rhDNase
relative to standard therapy (i.e. therapy available
before the introduction of rhDNase) was studied
in Canada.* Probabilities and clinical efficacy data
were obtained from Fuchs and colleagues," and
from data obtained retrospectively from the medi-
cal records of 32 patients attending two Canadian
CF clinics. Although the addition of rhDNase was
consistently more costly than standard therapy, its
incremental cost-effectiveness decreased with time.
A sub-analysis showed that for the costs of rhDNase
to equal those of standard therapy, the daily cost
of rhDNase 2.5 mg would need to be reduced
from Can$35.00 to Can$15.88.%

The studies performed have shown that rhDNase is
an important adjunct therapy in the management
of CF. It is an effective mucolytic agent that can
improve the health and well-being of some patients
with CF. An inevitable development of this will be
the desire to offer a potentially beneficial therapy
to patients with early-stage disease, whether they
be infants or older patients with mild disease.”
However a number of areas still need consider-
ation and study. The long-term effect of rhDNase
is not known, and its effects on the growing lung
or on the inflammatory process in CF are not clear.
It is an expensive agent and the long term cost—
benefits are difficult to anticipate. No randomised
trials of rhDNase with cost-effectiveness analyses
have been undertaken in the UK. As discussed
earlier, previous studies in this area have extra-
polated using results from the USA trial by Fuchs
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and colleagues."” This can lead to problems due

to the differences between the USA and the UK in
CF healthcare practice. Also, in the study by Fuchs
and colleagues,"” only RTI-related resource use was
assessed. It is often difficult to differentiate RTI-
related from non-RTI-related resource use in CF
management, for example during inpatient care.

Alternate-day rhDNase

Once-daily 2.5 mg rhDNase, which is the standard
dose used in children with CF, has been shown to
be as efficacious as twice-daily 2.5 mg rhDNase."
There are no studies on the use of alternate-day
rhDNase which if equally effective would halve
the cost of treatment. Alternate-day rhDNase
would also reduce the number of time-consuming
nebulisers administered, with the potential to
improve adherence and quality of life.

Hypertonic saline

Background

Hypertonic saline (HS) is defined as a solution
where the concentration of sodium and chloride
ions is greater than that found in 0.9% saline
(isotonic saline (IS)). Nebulised HS has been
used for decades as an agent to aid airway
clearance and sputum induction in a variety

of respiratory disorders. Pavia and colleagues”
showed an increase in mucociliary clearance in
patients with chronic bronchitis following the
inhalation of 7% HS compared with IS. HS has
been shown to improve mucociliary clearance in
normal and asthmatic airways.” It has also been
used in CF as a mucolytic agent to improve airway
clearance. However, it is only over the past few
years that studies have been done to assess its
mode of action and efficacy.

Mechanism of action

HS has a favourable effect on the rheological
characteristics of mucus. The effect of 3% HS

on the elasticity of mucus in CF has been exam-
ined in vitro.”> HS reduced spinnability and
sputum rigidity compared with IS. Wills and
coll