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Repeated nebulisation of non-viral CFTR gene therapy in
patients with cystic fibrosis: a randomised, double-blind,
placebo-controlled, phase 2b trial
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Summary

Background Lung delivery of plasmid DNA encoding the CFTR gene complexed with a cationic liposome is a potential
treatment option for patients with cystic fibrosis. We aimed to assess the efficacy of non-viral CFTR gene therapy in
patients with cystic fibrosis.

Methods We did this randomised, double-blind, placebo-controlled, phase 2b trial in two cystic fibrosis centres with
patients recruited from 18 sites in the UK. Patients (aged =12 years) with a forced expiratory volume in 1 s (FEV,) of
50-90% predicted and any combination of CFTR mutations, were randomly assigned, via a computer-based
randomisation system, to receive 5 mL of either nebulised pGM169/GL67A gene-liposome complex or 0-9% saline
(placebo) every 28 days (plus or minus 5 days) for 1 year. Randomisation was stratified by % predicted FEV, (<70 vs
270%), age (<18 vs =18 years), inclusion in the mechanistic substudy, and dosing site (London or Edinburgh). Participants
and investigators were masked to treatment allocation. The primary endpoint was the relative change in % predicted
FEV.,. The primary analysis was per protocol. This trial is registered with ClinicalTrials.gov, number NCT01621867.

Findings Between June 12, 2012, and June 24, 2013, we randomly assigned 140 patients to receive placebo (n=62) or
pGM169/GL67A (n=78), of whom 116 (83%) patients comprised the per-protocol population. We noted a significant,
albeit modest, treatment effect in the pPGM169/GLG67A group versus placebo at 12 months’ follow-up (3-7%, 95% CI
0-1-7-3; p=0-046). This outcome was associated with a stabilisation of lung function in the pPGM169/GL67A group
compared with a decline in the placebo group. We recorded no significant difference in treatment-attributable adverse
events between groups.

Interpretation Monthly application of the pGM169/GLG67A gene therapy formulation was associated with a significant,
albeit modest, benefit in FEV, compared with placebo at 1 year, indicating a stabilisation of lung function in the
treatment group. Further improvements in efficacy and consistency of response to the current formulation are needed
before gene therapy is suitable for clinical care; however, our findings should also encourage the rapid introduction of
more potent gene transfer vectors into early phase trials.

Funding Medical Research Council/National Institute for Health Research Efficacy and Mechanism Evaluation
Programme.

Copyright © Alton et al. Open Access article distributed under the terms of CC BY.

Introduction

Cystic fibrosis has been a target for gene therapy since the
CFTR gene was cloned in 1989." Lung disease is the main
cause of morbidity and mortality in individuals with cystic
fibrosis, with a median age at death of 29 years (95% CI
27-31).> Early expectations of a rapid breakthrough were
based on supposed ease of access to the target respiratory

epithelium via inhaled aerosols. These hopes were
tempered by the subsequent realisation that the airways
are well defended, in keeping with their predominant
function as conducting passages, rather than absorptive
surfaces.

Various vectors for delivery of the CFTR gene into
respiratory epithelial cells have been assessed. Viral
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Research in context

Evidence before this study

We searched PubMed between June 1, 1992, and March 1, 2015,
for studies published that included the terms “non-viral, gene
therapy, cystic fibrosis” or “liposome, gene therapy, cystic fibrosis”.

Added value of this study

We report the first trial of non-viral CFTR gene therapy for
patients with cystic fibrosis that is powered to detect clinically
relevant pulmonary changes. Our study has progressed this field
of research from phase 1 and 2a studies showing changes in
molecular surrogates of CFTR function, to a phase 2b setting

approaches, including adenoviruses, adeno-associated
viruses, and retroviruses, have faltered because of
inefficient transduction from the luminal surface and
immune responses restricting the efficacy of repeated
application.’ As such, research from the UK Cystic
Fibrosis Gene Therapy Consortium has initially focused
on non-viral vectors. Formulation and delivery of plasmid
DNA-liposome complexes have been refined in a large
series of preclinical studies,*” and safety,"” molecular
efficacy, and practical doses have been assessed in several
phase 1 and 2a studies in patients with cystic fibrosis."
We did this study to assess the clinical efficacy of the
non-viral CFTR gene-liposome complex pGM169/
GLG67A® after repeated delivery to the airways.

Methods

Study design and participants

We did this randomised, double-blind, placebo-
controlled, phase 2b trial in two cystic fibrosis centres
with patients recruited from 18 sites in the UK. Eligible
participants had diagnosed cystic fibrosis, were aged
12 years or older, had a forced expiratory volume in 1 s
(FEV,) of 50-90% predicted, and had any combination of
CFTR mutations.

The protocol was approved by the National Research
Ethics Committee and the local Research Committees at
the two dosing sites and the 16 other referral centres.
Each patient, or a parent, provided written informed
consent, and children provided assent.

Randomisation and masking

We randomly assigned patients (1:1), via a computer-based
randomisation system, to receive nebulised pGM169/
GL67A or 0-9% saline (placebo). Randomisation was
stratified by % predicted FEV, (<70 vs 270%), age (<18 vs
=18 years), inclusion in the mechanistic substudy, and
dosing site (London or Edinburgh). Participants in the
mechanistic substudy were randomly assigned (2:1) to
receive nebulised pGM169/GL67A or placebo, and could
participate as part of either a nasal or bronchoscopy group,
or both. Participants and investigators were masked to
treatment allocation, with the randomisation code known
only by pharmacy staff at the two dosing sites.
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assessing changes in lung function in patients with a broad
range of CFTR mutations. Additionally, our study shows that
monthly repeated application of non-viral gene therapy can be
safely administered to the lungs over a 1 year period.

Implications of all the evidence

By providing the first proof of concept that non-viral gene
therapy can beneficially affect lung function, follow-up studies
can assess optimum dose, dosing interval, and patient
stratification at trial entry. Our findings are likely to catalyse earlier
translation of more efficient vectors into first-in-man trials.

Procedures

Patients received 5 mL of either 0-9% saline or pGM169/
GL67A complex nebulised through a Trudell AeroEclipse
II device (Trudell Medical International, London, ON,
Canada) at 28 day intervals (plus or minus 5 days) for
12 months. Each 5 mL dose of pGM169/GL67A contained
13-3 mg of plasmid DNA and 75 mg of the GL67A lipid
mixture. Routine treatments were continued throughout
the study, except for DNase, which was withheld for 24 h
before and after dosing. In addition to the nebulised
dose, patients in the nasal group of the mechanistic
substudy received 2 mL of placebo or pGM169/GL67A
divided between nasal cavities via a nasal spray device at
the time of each lung dose. Patients in the bronchoscopy
group followed the standard protocol, but also underwent
a bronchoscopy under general anaesthesia before the
first dose and 28 days (plus or minus 5 days) after the
final dose.

Outcomes

The primary efficacy endpoint was the relative change in
% predicted FEV,, calculated from the mean of two
baseline values (at screening and before dosing on day of
the first dose) to the mean of two values (2 and 4 weeks
after last dose) at study completion. Secondary outcomes
included additional measurements of lung function, CT
scans, and Cystic Fibrosis Questionnaire-Revised (CFQ-R)
scores.” Exploratory endpoints included exercise testing,
activity monitoring, and sputum inflammatory markers.
Mechanistic endpoints were nasal or bronchial vector-
specific DNA, mRNA, and electrophysiological assessment
of CFTR function. We did extensive safety assessments.

Statistical analysis

The statistical analyses were prespecified in a statistical
analysis plan. With use of pilot data, we estimated the
standard deviation of the relative change in % predicted
FEV, in the target cystic fibrosis population to be 10%
over 12 months. A total sample size of 120 assessable
patients would provide 90% power to detect a 6%
difference between groups in the mean change from
baseline at a two-sided 5% significance level. This power
calculation was conservative because covariate
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191 patients invited for screening

40 excluded
13 had FEV, <50%
19 had FEV, >90%
4 were clinically unstable
3 had clinically significant liver disease
1 absence of evidence of cystic fibrosis
diagnosis

v

A 4

151 eligible for inclusion

11 discontinued
9 withdrew consent
2 developed exclusion criteria

v

| 140 randomised |

v

v

62 assigned to receive placebo
51 in main cohort

4 in bronchoscopy subgroup only

4 in nasal subgroup only
3 in both subgroups

78 assigned to receive pGM169/GL67A
52 in main cohort
9 in bronchoscopy subgroup only
10 in nasal subgroup only
7 in both subgroups

>

2 discontinued
1 clinically unstable
1 withdrew consent

2 discontinued
2 withdrew consent

>

N

y

60 received placebo

Intention

76 received pGM169/GL67A totreat

6 discontinued
1 commenced ivacaftor
1 developed exclusion
criteria
4 withdrew consent

14 discontinued
2 commenced ivacaftor
3 developed exclusion
criteria
1 missed three or more
doses
8 withdrew consent

y

54 received at least nine doses

62 received at least nine doses Per protocol

Figure 1:Trial profile
Numbers of patients in the intention-to-treat population are unequal because of the 2:1 allocation in the
mechanistic substudy. FEV,=forced expiratory volume in 1's.

See Online for appendix
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adjustment can be expected to increase statistical power.
We did analyses in the per-protocol population (primary
analysis), predefined as participants who received at least
nine doses of pGM169/GL67A or placebo, and in the
intention-to-treat population, who received at least one
dose of pGM169/GL67A or placebo.

We compared outcomes between groups with an
ANCOVA model, with inclusion of the relevant baseline
value, treatment allocation, and stratification factors
(baseline predicted FEV,, age, dosing site, inclusion in
substudy). Results are reported as adjusted mean
differences with corresponding 95% ClIs. We assessed
subgroup effects by including the relevant interaction

term in the ANCOVA model. To allow results from
different endpoints to be plotted on a common scale, the
estimated treatment effects were standardised and
presented as multiples of the underlying SD. No adjust-
ment was made to the p values to allow for multiplicity
because the secondary endpoints were supportive and
the corresponding p values were interpreted conser-
vatively. We assessed bronchial and nasal biomarkers
with a Mann—-Whitney U test. A two-sided p value less
than 0-05 was considered statistically significant.

The trial was overseen by an independent Data
Monitoring and Ethics Committee and a Trial Steering
Committee. This trial is registered with ClinicalTrials.
gov, number NCT01621867.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to
all the data in the study and had final responsibility for
the decision to submit for publication.

Results

Figure 1 shows the trial profile. Between June 12, 2012,
and June 24, 2013, we randomly assigned 140 patients to
receive placebo (n=62) or pGM169/GL67A (n=78), of
whom 136 (97%) patients comprised the intention-to-treat
population and 116 (83%) patients comprised the per-
protocol population (figure 1). Reasons for discontinuation
in the intention-to-treat population were similar between
groups (appendix). Baseline characteristics were similar
between the two groups (table 1). Unless indicated
otherwise, all subsequent details relate to the per-protocol
population.

114 (98%) patients had paired pre-treatment and post-
treatment measurements of % predicted FEV,. Of the
two patients (both in the placebo group) who did not
have paired measurements, one patient could not do the
test because of a surgery-related pneumothorax and one
withdrew because of time commitments and was
unavailable for follow-up measurements. We recorded a
significant ANCOVA-adjusted treatment effect in the
pGM169/GL67A group versus placebo at 12 months’
follow-up (3-7%, 95% CI 0-1-7-3; p=0-046; figure 2)
The relative changes within each of the individual
groups were —4-0% (95% CI —6- 6 to —1-4) in the placebo
group and —0-4% (-2-8 to 2-1) in the pGM169/GL67A
group (figure 2). Post-hoc analysis showed that 21 (18%)
patients (n=6 in the placebo group and n=15 in the
pGM169/GL67A group) had an improvement in %
predicted FEV, of 5% or more of their individual
baseline values. For comparison, the treatment effect in
patients in the intention-to-treat population who had
spirometry measurements both before dosing and
within the protocol-defined window after their final
dose (n=56 in the placebo group and n=65 in the
pPGM169/GL67A group) was 3-6% (95% CI 0-2-7-0;

www.thelancet.com/respiratory Vol 3 September 2015
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p=0-039), with the 20 patients included in the intention-
to-treat, but not per-protocol, analysis, receiving a mean
of 3-7 doses (SD 1-9).

Figure 3 summarises changes in a range of secondary
outcomes. The treatment effect was significant for FVC
(p=0-031; appendix) and CT gas trapping (p=0-048), but
not for other measures of lung function, imaging, and
quality of life (figure 3). We assessed whether a responder
subgroup could be identified; the appendix summarises
the prespecified subgroups. We noted no significant
differences in the primary outcome treatment effect with
respect to sex, age, CFTR mutation (phe508del homo-
zygous vs other), Pseudomonas colonisation, predominant
smaller or larger airway disease on CT at presentation,
concurrent drugs, or treatment-associated adverse events
(appendix). Although some subgroups had larger
treatment effects than others, these results were typically
due to a greater decline in FEV, in the placebo group,
rather than to any difference of effect in the pGM169/
GL67A group (appendix). Stratification by baseline
% predicted FEV, suggested a difference, albeit non-
significant, in treatment effect between patients with
more severe disease (FEV, 49-6-69-2% predicted), who
had a treatment effect of 6-4% (95% CI 0-8-12-1), and
those with less severe disease (69-6-89-9% predicted),
who had a treatment effect of 0-2% (—4:6 to 4-9;
Pineracion=0-065; appendix). In patients with more severe
disease, post-trial and pre-trial changes in both the
placebo group (—4:9%) and the pGM169/GL67A group
(1-5%) contributed to the treatment effect. Secondary

Placebo group pGM169/GL67A group
(n=54) (n=62)

Age (years) 260 (13-0) 23.6 (10-8)
<18 years old 17 (31%) 23 (37%)
>18 years old 37 (69%) 39 (63%)

Sex
Female 25 (46%) 31 (50%)
Male 29 (54%) 31(50%)

Centre distribution number
Edinburgh 24 (44%) 22 (35%)
London 30 (56%) 40 (65%)

Height (cm) 165-0 (10-6) 163-6 (10-9)

Weight (kg) 61-6 (15-6) 61-0 (157)

FEV, (% predicted) 690 (9-9) 699 (11-1)

Body-mass index (kg/m?) 22:4 (4-4) 22:4 (4°5)

Mutation class
Phe508del/Phe508del 26 (48%) 31(50%)
Phe508del/class 1-6 22 (41%) 23 (37%)
Not Phe508del/class 1 1(2%) 3(5%)
Heterozygous/homozygous 2 (4%) 2 (3%)
class 3-6
Phe508del/unknown class 3(6%) 3(5%)

Data are mean (SD) or n (%), unless otherwise indicated.
Table 1: Baseline and demographic characteristics

www.thelancet.com/respiratory Vol 3 September 2015

outcomes showed a similar trend favouring the more
severe category (appendix).

Patients in both treatment groups received a median of
three (IQR one to five) courses of oral or intravenous
antibiotics during the trial. Specifically, we assessed co-
administered antibiotics during the critical analysis
period from dose 11 to the end of the trial. Numbers of
patients receiving any additional antibiotics were
26 (48%) in the placebo group and 30 (51%) in the

47 m pGM169/GL67A
® Placebo

N
1

o
1

-2

-4

Percentage change in % predicted FEV,

T T T T T T
Pre 2 3 4 5 6 7 8 9 10 11 12  Post
Treatment visit
304
204
10

o

-10

“l"“""“lllllluunmh___.“““““"||||||l|“

-204

Percentage change in % predicted FEV,

-30-

304
20

10

Ao hll"““llﬂlﬂuu;_

|

o

204

Percentage change in % predicted FEV,

-30-

Figure 2: Timecourse of the primary outcome response to either placebo or
PGM169/GL67A (A) and the individual patient responses in the pGM169/
GL67A (B) and placebo (C) groups

Error bars in panel A show the standard error of the mean. Primary outcome
measurements were taken at each treatment visit before administration of
study drugs. Pre and post values indicate the mean of two measurements at the
respective timepoints. Positive values in panels B and C show an improvement.
FEV,=forced expiratory volume in 1.

687



688

Placebo/pGM169/GL67A (N) Pre-treatment Absolute Standardised Adjusted
treatment effect treatment effect p value
Primary endpoint
FEV, 54/60 —— 69-48 (10-50) 366 (0-07 to 7-25) 039(0-01t00-77)  0-046
Lung function
FVC 54/60 —— 83-94 (11:54) 3.03(029t0578)  0-42(0-04t00-80) 0031
MEF25-75 54/60 — T — 1.63(0-71) 0-07 (-0-08t00-22)  0-18 (-0-21t0 0-56)  0-362
Lung clearance index 51/59 —— — 1078 (2:45) -0-28 (-0-71t0 0-14) 026 (-0-13t0 0-66)  0-187
cT
Bronchiectasis extent 54/61 —_— 1.92 (0-74) -0-03 (-0-13 to 0-07) 011 (-0-27t0 0-50)  0-564
Bronchiectasis severity 54/61 e 1-80 (0-74) -0-08 (-0-17t0 0-02) 031(-0-08t00-69) 0-116
Wall thickness 54/61 4 eo— 1.84 (0-60) -0.09(-0-21t00:03)  028(-0-1t0 0-66) 0146
Large airway mucus plugs 54/61 —— 0-81(0-38) -0-03 (-0-1t0 0-04) 0-18 (-0-21t0 0-56)  0-369
Small airway mucus plugs 54/61 e 0-85 (0-33) -0-07 (-0-15 to 0-00) 037 (-0-02t0 0-75)  0-061
Gas trapping 54/61 e 4-65 (12-85) -3-49 (-6-96t0-0-03)  0-39 (0-00to 0-77) 0-048
Health-related quality of life*
Physical functioning 54/61 — 82-87(18-9) 1.82 (-4-75t0 8-39) 011 (-0-28t0 0-50)  0:584
Respiratory symptoms 54/61 — T 7878 (14-25) 2:08(-3:06t07-22) 016 (-023t00-54)  0-425
Safety
C-reactive protein 48/55 — 7-32(9:67) -4-82 (-9-8 to 0-15) 039(-0-01t0 0-80)  0-057
Erythrocyte sedimentation rate  54/60 — 12-88 (11-01) -1-86 (-5-21t0 1-48) 021(-017t0 0:59)  0-272
White blood cells 54/61 —t e 858 (2.79) -052(-128t0024)  026(-012t00-64) 0176
KCOc 51/61 — e 1.91(0-22) 0-03(-0-02t0 0-08) 023 (-017t00-63)  0-257
TLCOC 51/61 — ! o— 8.02 (2:10) 018 (-016t0 0-51)  0-21(-019t0 0-60)  0-302
Alveolar volume 52/61 —— 423 (112) 0-07 (-0-07 to 0-21) 019 (-0-20t0 0-57)  0-331
Sputum 24 h weight 27/22 10-96 (1173)  -2:96 (-7:97t02:05)  0-36(-0-25t0 0-98)  0-239
r T T 1
-1.0 -0-5 0 05 1.0
Standardised treatment effect
“+— —>
Favours placebo Favours pGM169/GL67A

Figure 3: Forest plot showing secondary outcome responses to placebo or pGM169/GL67A
Data are mean (SD) or mean (95% Cl), unless otherwise indicated. The size of the circles is proportional to the number of patients represented and the error bars show
95% Cls. Values shown for FEV, are the relative change in the % predicted FEV,. To allow results from different endpoints to be plotted on a common scale, the
estimated treatment effects were standardised to be presented as multiples of the underlying SD (standardised treatment effect). FEV,=forced expiratory volume in 1s.
MEF25-75=mid-expiratory flow between 25% and 75% of FVC. KCOc=diffusion capacity of the alveolar capillary membrane, corrected for haemoglobin concentrations.
TLCOc=transfer factor of the lung for carbon monoxide, corrected for haemoglobin concentrations. *Refers to scores from the Cystic Fibrosis Questionnaire-Revised.

pGM169/GL67A group (x2 p=0-774). Thus, the observed
FEV, treatment effect was considered to be independent
of concurrent antibiotic courses.

No clinically relevant pattern of changes could be
distinguished in the exploratory outcomes of activity and
exercise monitoring and serum and sputum inflammatory
markers (appendix). In the bronchoscopy group of the
substudy, vector-specific DNA increased in 12 (86%) of
14 patients in the pGM169/GL67A group and was below
the limit of quantification in all (n=7) placebo samples
(p=0-001; figure 4A); vector-specific mRNA was below the
level of sensitivity in both groups (appendix). Changes in
basal post-trial and pre-trial potential difference values did
not differ significantly in either group (appendix). Figure 4B
shows bronchial chloride responses using the mean of all
interpretable tracings for each patient; a negative value
indicates a change in the non-cystic fibrosis direction.
Patients in the placebo group (n=7) had a median change
(post-trial minus pre-trial) of 3-1 mV (range 9-3 to —1-2)

and those in the pGM169/GL67A group (n=10) had a
change of —1-3 mV (4-0 to -5-8; p=0-032; figure 4B). Five
(50%) of ten patients in the pGM169/GL67A group had
values that were more negative than the largest response
in the placebo group (figure 4). In the same analysis with
only the most negative value recorded for each patient at
any timepoint, patients in the placebo group had a median
post-trial minus pre-trial change of 2-6 mV (range 9-3 to
-1-2) and those in the pGM169/GL67A group had a change
of -2-8 mV (4-0 to -16-8 mV; p=0-088; figure 4C). Six
(60%) patients in the pGM169/GL67A group had values
that were more negative than the largest response in the
placebo group (figure 4). The appendix shows absolute
bronchial potential difference values.

In patients in the nasal group of the substudy, vector-
specific DNA increased in all the 17 patients given pGM169/
GLG67A. Despite apparent pGM169 contamination in some
samples, the change in pGM169 concentrations differed
significantly between the groups (appendix); no

www.thelancet.com/respiratory Vol 3 September 2015
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vector-specific mRNA was quantifiable in either group. We
noted no significant changes in the baseline, zero chloride,
or isoprenaline responses (appendix). Four (29%) of
14 pGM169/GL67A patients had mean post-trial minus pre-
trial treatment responses (ranging from -3-4 mV to
—7-0 mV) that were more negative than the largest response
in the placebo group (n=6; appendix). The appendix shows
absolute nasal potential difference values.

All patients had adverse events, with no significant
difference between groups for either total events or
within the nine predefined adverse event categories
(table 2). One patient in the placebo group and one
patient in the pGM169/GL67A group discontinued study
treatment because of adverse events (fatigue and
increased respiratory symptoms and flu-like symptoms,
respectively). We recorded six serious adverse events, all
in the pGM169/GL67A group (appendix). Neither the
Data Monitoring and Ethics Committee nor the Trial
Steering Committee regarded any serious adverse event
as related to study drug; however, one event was
considered to be possibly related to a trial procedure
(bronchoscopy). We noted no clinically relevant changes
in haematology, biochemistry, conversion of anti-CFTR
T cells, anti-DNA antibodies, histology, or lipid staining
(appendix) and no patients died during the study.

Discussion

We report the first trial of non-viral based gene therapy
for cystic fibrosis, powered to detect clinically relevant
pulmonary changes. After monthly dosing for 1 year, we
recorded evidence of a beneficial effect of gene therapy
versus placebo on FEV,. No effect of sex, age, or whether
patients were homozygous for the most common
F508del CFTR mutation could be detected. No clinically
important adverse events attributable to treatment with
pGM169/GL67A were reported.

Although these findings are encouraging, they should be
put into perspective. We noted a stabilisation of FEV, in the
pGM169/GL67A group rather than an improvement. This
stabilisation took place over a 1 year period and further
work will be needed to see if this effect is maintained. The
reduction in FEV, in the placebo group was within the
range reported in some other prospective trials®* and is
consistent with a median survival of 29 years, but is greater
than would be expected from registry data.? Three factors
are likely to have influenced this difference. First, the
requirement for clinical stability at trial entry meant that
patients might have been at their optimum respiratory
health at this stage. Second, the enthusiasm of patients to
enter the trial, accompanied by a focus on self-care, might
have resulted in short-term improvements in lung function
during the recruitment period. Both factors are likely to
lead to a subsequent decline in lung function as patients
regress to their mean values. Third, we included all
available data, whether from stable patients or those with
exacerbations, by contrast with registry data, which focuses
on measurements obtained at annual review. Stabilisation
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of lung disease in itself is a worthwhile aim and we would
caution against the bar being set too high for novel
therapeutics in cystic fibrosis populations with an
unselected range of mutations. The large response to
ivacaftor in patients with class III mutations takes place in
the context of correctly localised CFTR protein. By contrast,
much smaller improvements in lung function were shown
in the ivacaftor-lumacaftor trial for the most common
mutation (phe508del) in which the CFTR protein is
misfolded and mislocalised.”

The response in our study was heterogeneous, with
apparent responders and non-responders. The data
suggest that an approximate doubling of treatment effect
was achieved in patients with more severe disease stratified
by baseline FEV,, supported by trends in other clinically
relevant secondary measures. A larger trial with a stratified
trial entry design, powered to assess subgroups, and that
addresses the mechanisms of response heterogeneity, will

-20~ =201
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Change in chloride response (mV)
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Change in chloride response (mV)
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Placebo  pGM169/

GL67A

Figure 4: Assessment of DNA from bronchial brushings in the placebo (n=7) and pGM169/GL67A (n=14)
subgroups (A) and the response of the bronchial epithelium to perfusion with a zero chloride solution
containing isoprenaline 10 uM (B, C)

Horizontal bars show median values. Each circle in panel A represents an individual patient. Each symbol in panels
B and C shows the change in response from trial start to finish for the relevant treatment in an individual patient.
Of the 16 participants in the bronchoscopy subgroup, 15 individuals had post-dose bronchoscopies, of whom

14 individuals generated samples for DNA and mRNA molecular analysis. The plotted value in panel B is the mean
of all interpretable recordings (range 1-3), and in panel C is the most negative value obtained from all interpretable
recordings, at each timepoint for that patient. A more negative value is in the non-cystic fibrosis direction.
LOQ=limit of quantification, PBNQ=positive but not quantifiable.

Placebo group (n=54) pGM169/GL67A group (n=62)

Lower airway respiratory symptoms 79 9.0

Gastrointestinal symptoms 21 1.8

Fever or flu-like symptoms 11 14

Headache 12 11

Upper airway symptoms 23 34

Elevated liver function tests 03 0-4

Haematuria 0-2 02

Isolated raised inflammatory markers 0-8 0-7

Other 32 33

Total 191 212
Data are mean number of times the respective symptom was experienced by each patient during the trial. Values were
calculated by dividing the total number of the relevant adverse event by the total number of relevant patients in that group.
Table 2: Adverse events
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be important to verify or refute these data. This differential
response could relate to the dose deposited in the airways;
in patients with lower baseline FEV, the relatively more
obstructed smaller airways result in a larger proportion of
the 5 mL dose being deposited in the larger airways. In
pre-trial studies we assessed airway deposition in patients
with cystic fibrosis with varying FEV, severity with
technetium-99m labelled human serum albumin of
similar droplet size (34 pm, using a different nebuliser
system) to the pGM169/GL67A formulation. Bronchial
airway (generations 2-8) fractional deposition was 2-9% of
delivered dose (standard error of the mean [SEM] 0-2;
n=33) in patients with 70-90% predicted FEV, and roughly
twice as great (6-0%, SEM 1-0; n=23) in those with 50—
70% predicted FEV,. An additional contributory factor to
this enhanced efficacy might be the increased mitotic rate
of more severely affected tissues,* which decreases the
proportion of time that the nuclear membrane is intact,
the membrane acting as a barrier to plasmid DNA entry to
the nucleus.

We cannot rule out that the changes recorded in the
present study are the result of a non-specific response to
the pGM169/GL67A formulation. The placebo was 0-9%
saline rather than a scrambled or CFTR-deleted plasmid—
liposome complex. We selected 0-9% saline partly on the
basis of pragmatic financial considerations, but mainly for
ethical considerations, not wishing to expose patients with
cystic fibrosis to first-in-man repeated pulmonary dosing of
an untested product that might direct the expression of an
immunologically active peptide or novel non-coding RNA
molecule  with  deleterious  biological functions.
Furthermore, we wanted to compare progression on
therapy with the natural history of the disease. In terms of
alternative explanations for the effects we noted, we know
of no evidence that monthly nebulisation of 0-9% saline is
deleterious to lung function, nor that liposome alone
produces physiological improvements in either patients
without,” or those with® cystic fibrosis. Delivery of non-
CFTR encoding plasmid DNAs to the human airways has
not been associated with a gain in CFTR chloride-channel
function, nor improvement in any cystic fibrosis-related
assay,”* and plasmid DNA is generally associated with pro-
inflammatory, rather than non-specific, beneficial effects.”
We did not identify any pathophysiological changes in the
airways, such as inflammation or remodelling, nor any
changes in bacterial species that might otherwise explain
the outcomes. Nevertheless, we cannot exclude that DNA—
liposome complexes augment host defences, stimulate
mucus clearance, or enhance bacterial killing to an extent
undetectable on semi-quantitative routine culture.

Results showing more robust changes in molecular
CFTR surrogates would have been reassuring. Despite
extensive optimisation of quantitative realtime-PCR assays,
the pGM169-derived mRNA assay has poor sensitivity and
is adversely affected by the inclusion of high levels of total
RNA or modest concentrations of pGM169 plasmid DNA.
In ovine studies we have shown that a 20 mL nebulised

dose of pGM169/GLG7A, four times that used in the
present trial, is the lower threshold for reproducible
detection of mRNA with this assay in airway tissue samples
(unpublished).® Thus, our inability to detect pGM169-
derived mRNA after delivery of 5 mL of pGM169/GL67A to
the human airways, although disappointing, was not
surprising. In human tissues, we have noted the low
sensitivity of assays assessing vector-specific mRNA from
human samples in vivo,*** and have noted the greater
sensitivity of detection of electrophysiological changes,
consistent with findings in this study.”***

The ratio of area sampled to area dosed is small. Although
we recorded significant chloride secretory changes in the
bronchial, but not the nasal, epithelium, we caution against
placing undue weight on either observation. The size of the
groups in the mechanistic substudy was limited by both the
practicality of the procedures and the acceptability to
patients of the additional invasive tests, leading to low
statistical power for these measures. We would instead
conclude that modest variable changes can be shown with
currently available assays that remain insufficiently
sensitive to detect changes in low levels of CFTR function
when assessed in vivo in humans; further optimisation in
these or other assays is needed.

Although we are encouraged by the first demonstration
of a significant beneficial effect in lung function
compared with placebo associated with gene therapy in
patients with cystic fibrosis, the mean difference was
modest, only recorded in some individuals, and at the
lower end of the range of results seen in clinical trials
which result in changes in patient-related care.”* We did
not formally assess infective exacerbations in view of the
fairly small patient numbers in our study, but use of
antibiotic courses as a surrogate identified no obvious
treatment advantage. The treatment effect is consistent
with a clinically meaningful benefit from the perspective
of the European Medicine Agency;® however, further
improvements in efficacy and consistency of response to
the current formulation, or its combination with CFTR
potentiators, are needed before gene therapy is suitable
for clinical practice. Furthermore, our findings should
encourage the rapid introduction of more potent gene
transfer vectors into early phase trials, now that much of
the groundwork has been established.

The data reported here provide the first proof of
concept that repeated administration of non-viral CFTR
gene therapy can safely change clinically relevant
parameters, providing another step along the path of
translational cystic fibrosis gene therapy.

Contributors

EWFWA, ACB, SC, JCD, DMG, DRG, APG, UG, SCH, TEH, JAL GDM,
and DJP conceived, designed, and analysed the overall study. DA and GDM
designed and coordinated data collection and statistical analysis. DKA, KJB,
DB, PC, GD, NSD, HIE, RFF, |G, ]SRG, DMH, KH, SLH, JJ, BFK, MM,
EKP, ALQ, CJS, SSh, NJS, NS, EJS, SNS, RPU, and MDW assessed patient
outcomes and undertook and analysed individual in-vivo assays. EVB,

MHD, and SSo coordinated and undertook the administration of the trial.
RB, NJ, PL-E, GR, and KS oversaw receipt, preparation, and dispensing of

www.thelancet.com/respiratory Vol 3 September 2015



Articles

study drug. B, RC, MC, HED, AD, D, SG-S, LH, MPL, AWM, MCM, DM,
CM, MAM, HM, LJM, AGN, TO, JP-L, IAP, KMP, BJS, SGS-J, MT, MYW,
and JMW designed, undertook, and analysed in-vitro assays. SHC, RKS,
and PW-H coordinated the production of lipid 67A. DDSC, LAD, and GM
designed, undertook, and analysed studies of study drug delivery.

Declaration of interests

ACB, AD, APG, AGN, AWM, BFK, BJS, CM, CJS, DKA, DA, DB, DM,
DMH, DMG, DDSC, DJP, DRG, EKP, EJS, EVB, EWFWA, GD, GM,
GDM, GR, HED, HM, HIE, IAP, JAI JB, JCD, JD, |G, JSRG, JJ, JP-L,
JMW, KJB, KH, KMP, KS, LAD, LH, L]M, MC, MCM, MHD, MM, MT,
MYW, MAM, MDW, MPL, NSD, NJ, NJS, NS, PC, PL-E, PW-H, RB, RC,
RFF, RPU, SC, SCH, SG-S, SLH, SSh, SSo, SGS-J, SNS, TEH, TO, and
UG report grants from the National Institute for Health Research, the
Cystic Fibrosis Trust, Just Gene Therapy, Medicor Foundation, and other
support from Genzyme, a Sanofi company, related to the submitted work
during the conduct of the study. ALQ, JCD, JMW, MCM, NJS, RKS, SC,
and SHC report fees, grants, honoraria, and patents outside of the
submitted work. ACB, DJP, DRG, EWFWA, JAL JCD, LAD, SCH, and UG
report patents related to the submitted work.

Acknowledgments

We thank the patients, carers, and families who gave so much to this
trial; those who so generously supported the programme of work that led
to this trial by giving to the Cystic Fibrosis Trust; the Medicor Foundation
and the Cystic Fibrosis Trust for part-funding the cost of the plasmid
DNA and lipid; the National Institute for Health Research (NIHR)
Clinical Research Network and Just Gene Therapy for additional funding;
Sandra Griffiths, Nayan Das, Amanda Bravery, Juan Gonzales-Maffe, and
Ginny Picot (Imperial Clinical Trials Unit); Jermaine Wright,

Fabricio Ghiraldi, Stephen Man, Judith Foy, and Viba Teli (Royal
Brompton Hospital Pharmacy) and Peter Brown (Royal Marsden
Pharmacy); Leticia Brown, Michelle Watson-Dotchin, and Michelle Pugh
for administrative support; the Efficacy and Mechanism Evaluation
Programme team, including Lucy Knight and Dani Preedy, who guided
us throughout the trial; Tony Hickson and Gursharan Randhawa for help
with the intellectual property and commercialisation aspects; the Data
Monitoring and Ethics Committee (Colin Wallace, Caroline Elston,
George Dickson, Julie Morris) and the Trial Steering Committee

(Ashley Woodcock, Nikki Samsa, Brandon Wainwright, Pierre Lehn,
Janet Allen) for their wise and helpful advice; and the teams at the
referring sites who gave so generously of their time: Jeremy Hull and
Catherine McKenny (Oxford Churchull); Nick Bell and Kathryn Bateman
(Bristol); Judy Ryan (Papworth); Maya Desai, Michelle Taberner, and
Edward Nash (Birmingham); Paul Aurora and Ammani Prasad (Great
Ormond Street); Judith Duguid, Alexandra Highton, and Timothy Ho
(Frimley); Siobhan Carr and Catherine Lambert (Royal London);

Thomas Daniels and Victoria Brown (Southampton); Daniel Peckham
and Amy Driffill (Leeds); Felicity Perrin and Mike Waller (King's College
London); Gordon MacGregor, Steve Bicknell, Ewan Ross, and

Anne Devenny (Glasgow); Carol Dryden (Wishaw); Richard Brooker,
Graham Devereux, Owen Dempsey (Aberdeen); Helen Rodgers and
Jonathon McCormick (Dundee); and Steven Bourke and David Spencer
(Dundee). This study was funded by the Efficacy and Mechanism
Evaluation (EME) Programme, a Medical Research Council and NIHR
partnership. We acknowledge the financial support of NHS Research
Scotland, through the Edinburgh Clinical Research Facility. The research
was supported by the NTHR Respiratory Biomedical Research Unit at the
Royal Brompton and Harefield NHS Foundation Trust, and the NIHR
Imperial Biomedical Research Centre at Imperial College Healthcare
NHS Trust and Imperial College London. The UK Cystic Fibrosis Gene
Therapy Consortium would not have come together, and this trial would
not have happened, without the vision and leadership of Rosie Barnes
during her tenure as Chief Executive of the Cystic Fibrosis Trust.

References

1  Griesenbach U, Alton EW. Moving forward: cystic fibrosis gene
therapy. Hum Mol Genet 2013; 22: R52-58.

2 Cystic Fibrosis Trust. UK Cystic Fibrosis Registry annual data report
2013. 2014. http://www.cysticfibrosis.org.uk/media/598466 /annual-
data-report-2013-jul14.pdf (accessed April 26, 2015).

3 Gill DR, Hyde SC. Delivery of genes into the CF airway. Thorax
2014; 69: 962-64.

www.thelancet.com/respiratory Vol 3 September 2015

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Davies LA, Nunez-Alonso GA, McLachlan G, Hyde SC, Gill DR.
Aerosol delivery of DNA/liposomes to the lung for cystic fibrosis
gene therapy. Hum Gene Ther Clin Dev 2014; 25: 97-107.

McLachlan G, Davidson H, Holder E, et al. Pre-clinical evaluation
of three non-viral gene transfer agents for cystic fibrosis after
aerosol delivery to the ovine lung. Gene Ther 2011; 18: 996-1005.
Alton EW, Baker A, Baker E, et al. The safety profile of a cationic
lipid-mediated cystic fibrosis gene transfer agent following repeated
monthly aerosol administration to sheep. Biomaterials 2013;
34:10267-77.

Alton EW, Boyd AC, Cheng SH, et al. Toxicology study assessing
efficacy and safety of repeated administration of lipid/DNA
complexes to mouse lung. Gene Ther 2014; 21: 89-95.

Hyde SC, Pringle IA, Abdullah S, et al. CpG-free plasmids confer
reduced inflammation and sustained pulmonary gene expression.
Nat Biotechnol 2008; 26: 549-51.

Quittner AL, Sawicki GS, McMullen A, et al. Psychometric
evaluation of the Cystic Fibrosis Questionnaire-Revised in a
national sample. Qual Life Res 2012; 21: 1267-78.

Kerem E, Konstan MW, De Boeck K, et al. Ataluren for the treatment
of nonsense-mutation cystic fibrosis: a randomised, double-blind,
placebo-controlled phase 3 trial. Lancet Respir Med 2014; 2: 539-47.
Ramsey BW, Pepe MS, Quan JM, et al. Intermittent administration
of inhaled tobramycin in patients with cystic fibrosis. Cystic Fibrosis
Inhaled Tobramycin Study Group. N Engl ] Med 1999; 340: 23-30.
Saiman L, Marshall BC, Mayer-Hamblett N, et al. Azithromycin in
patients with cystic fibrosis chronically infected with Pseudomonas
aeruginosa: a randomized controlled trial. JAMA 2003; 290: 1749-56.
Boyle MP, Bell SC, Konstan MW, et al. A CFTR corrector (lumacaftor)
and a CFTR potentiator (ivacaftor) for treatment of patients with
cystic fibrosis who have a phe508del CFTR mutation: a phase 2
randomised controlled trial. Lancet Respir Med 2014; 2: 527-38.

Leigh MW, Kylander JE, Yankaskas JR, Boucher RC. Cell
proliferation in bronchial epithelium and submucosal glands of
cystic fibrosis patients. Am J Respir Cell Mol Biol 1995; 12: 605-12.
Chadwick SL, Kingston HD, Stern M, et al. Safety of a single
aerosol administration of escalating doses of the cationic lipid GL-
67/DOPE/DMPE-PEG5000 formulation to the lungs of normal
volunteers. Gene Ther 1997; 4: 937-42.

Alton EW, Stern M, Farley R, et al. Cationic lipid-mediated CFTR
gene transfer to the lungs and nose of patients with cystic fibrosis: a
double-blind placebo-controlled trial. Lancet 1999; 353: 947-54.

Gill DR, Southern KW, Mofford KA, et al. A placebo-controlled
study of liposome-mediated gene transfer to the nasal epithelium of
patients with cystic fibrosis. Gene Ther 1997; 4: 199-209.

Zabner ], Cheng SH, Meeker D, et al. Comparison of DNA-lipid
complexes and DNA alone for gene transfer to cystic fibrosis airway
epithelia in vivo. J Clin Invest 1997; 100: 1529-37.

Bazzani RP, Cai Y, Hebel HL, Hyde SC, Gill DR. The significance of
plasmid DNA preparations contaminated with bacterial genomic
DNA on inflammatory responses following delivery of lipoplexes to
the murine lung. Biomaterials 2011; 32: 9854-65.

Hyde SC, Southern KW, Gileadi U, et al. Repeat administration of
DNA/liposomes to the nasal epithelium of patients with cystic
fibrosis. Gene Ther 2000; 7: 1156-65.

Rose AC, Goddard CA, Colledge WH, Cheng SH, Gill DR,

Hyde SC. Optimisation of real-time quantitative RT-PCR for the
evaluation of non-viral mediated gene transfer to the airways.

Gene Ther 2002; 9: 1312-20.

Konstan MW, Davis PB, Wagener JS, et al. Compacted DNA
nanoparticles administered to the nasal mucosa of cystic fibrosis
subjects are safe and demonstrate partial to complete cystic fibrosis
transmembrane regulator reconstitution. Hum Gene Ther 2004;

15: 1255-69.

Jones AP, Wallis C. Dornase alfa for cystic fibrosis.

Cochrane Database Syst Rev 2010; 3: CD001127.

Wilms EB, Touw DJ, Heijerman HG, van der Ent CK. Azithromycin
maintenance therapy in patients with cystic fibrosis: a dose advice
based on a review of pharmacokinetics, efficacy, and side effects.
Pediatr Pulmonol 2012; 47: 658—65.

European Medicines Agency. Report of the workshop on endpoints
for cystic fibrosis clinical trials 2012. https://www.ecfs.eu/files/
webfm/webfiles/File/documents/EMA_Workshop2012.pdf.
(accessed April 26, 2015).

691



	Repeated nebulisation of non-viral CFTR gene therapy in patients with cystic fibrosis: a randomised, double-blind, placebo-controlled, phase 2b trial
	Introduction
	Methods
	Study design and participants
	Randomisation and masking
	Procedures
	Outcomes
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


