
genetic medicine for CF

gene and mRNA-based therapies should be agnostic regarding 
the patient’s genotype or which of the six mutation classes these 
might belong to, and should be suitable for the treatment of 
patients with any mutation.



1989
During the day, Lap-Chee Tsui and Francis Collins were 
attending a gene-mapping workshop. The fax they received 
that night from Tsui’s lab showed that many people who 
have cystic fibrosis lack three base pairs from both copies 
of this gene, whereas those without the disease always 
have at least one copy intact.

Four months later a four-year-old boy with cystic fibrosis, 
Danny Bessette, was shown sitting cross-legged on the 
cover of Science, framed by a rainbow of chromosomes. 
Inside the magazine, three papers laid out the details of the 
discovery of the gene responsible for Bessette’s condition .

2009
Cystic fibrosis patients has a life expectancy at least ten 
years longer than one born in 1989 did. Such 
advancements help explain why Bessette —now 24, has a 
future at all. 
But many researchers concede that relatively little of that 
improvement can be laid at the door of the CFTR gene.

Danny Bessette
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other pulmonary diseases. For example, nasal potential difference (NPD) and forced expiratory 
volume in 1 s (FEV1) were used as clinical outcome measures in CF trials to quantify improvement of 
lung function (as previously reviewed [6]). The improved quality of life following small molecule 
treatment is now shedding light on other disease targets, such as inflammation. Lessons learned from 
these treatments will surely impact future gene therapy clinical trial designs. 

In this review, we will focus on the history of CF gene therapy, beginning with the discovery of 
the CFTR gene, continuing with the major milestones that have impacted the field, and looking to the 
future of CF gene therapy (Figure 2). 
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Figure 1. Classes of cystic fibrosis transmembrane conductance regulator (CFTR) mutations. Cystic
fibrosis transmembrane conductance regulator mutations are categorized into 6 classes based on the
mutation function or protein output [5]. A red “x” or arrow indicates where each CFTR mutant protein
is affected. A common mutation example is listed for each class. * People with CF can have more than
one mutation; thus, the percentage is representative of the entire population and does not add up to 100.
Percentages acquired from the Cystic Fibrosis Foundation (U.S., 2017). ** Potentiators and correctors
provide relief to some people with CF in these classes. Additional mutations have been approved for
use of CFTR modulators.

CF gene therapy clinical trials pioneered the logistics of endpoint assays and for CF as well
as other pulmonary diseases. For example, nasal potential difference (NPD) and forced expiratory
volume in 1 s (FEV1) were used as clinical outcome measures in CF trials to quantify improvement
of lung function (as previously reviewed [6]). The improved quality of life following small molecule
treatment is now shedding light on other disease targets, such as inflammation. Lessons learned from
these treatments will surely impact future gene therapy clinical trial designs.

In this review, we will focus on the history of CF gene therapy, beginning with the discovery of
the CFTR gene, continuing with the major milestones that have impacted the field, and looking to the
future of CF gene therapy (Figure 2).

Genes 2018, 9, x FOR PEER REVIEW  2 of 22 

 

 

Figure 1. Classes of cystic fibrosis transmembrane conductance regulator (CFTR) mutations. Cystic 

fibrosis transmembrane conductance regulator mutations are categorized into 6 classes based on the 

mutation function or protein output [5]. A red “x” or arrow indicates where each CFTR mutant 

protein is affected. A common mutation example is listed for each class. * People with CF can have 

more than one mutation; thus, the percentage is representative of the entire population and does not 

add up to 100. Percentages acquired from the Cystic Fibrosis Foundation (U.S., 2017). ** Potentiators 

and correctors provide relief to some people with CF in these classes. Additional mutations have been 

approved for use of CFTR modulators. 

CF gene therapy clinical trials pioneered the logistics of endpoint assays and for CF as well as 
other pulmonary diseases. For example, nasal potential difference (NPD) and forced expiratory 
volume in 1 s (FEV1) were used as clinical outcome measures in CF trials to quantify improvement of 
lung function (as previously reviewed [6]). The improved quality of life following small molecule 
treatment is now shedding light on other disease targets, such as inflammation. Lessons learned from 
these treatments will surely impact future gene therapy clinical trial designs. 

In this review, we will focus on the history of CF gene therapy, beginning with the discovery of 
the CFTR gene, continuing with the major milestones that have impacted the field, and looking to the 
future of CF gene therapy (Figure 2). 

 

Figure 2. Timelines of CF gene therapy eras: Important milestones impacting the CF field are 

represented in timelines at the beginning of each era. The timelines are intended to orient the reader 

to new developments relative to other events and are not comprehensive of all contributions to the 

field (1989–2001). 
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(1989–2001).
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CF gene therapy clinical trials pioneered the logistics of endpoint assays and for CF as well
as other pulmonary diseases. For example, nasal potential difference (NPD) and forced expiratory
volume in 1 s (FEV1) were used as clinical outcome measures in CF trials to quantify improvement
of lung function (as previously reviewed [6]). The improved quality of life following small molecule
treatment is now shedding light on other disease targets, such as inflammation. Lessons learned from
these treatments will surely impact future gene therapy clinical trial designs.

In this review, we will focus on the history of CF gene therapy, beginning with the discovery of
the CFTR gene, continuing with the major milestones that have impacted the field, and looking to the
future of CF gene therapy (Figure 2).
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Figure 2. Timelines of CF gene therapy eras: Important milestones impacting the CF field are
represented in timelines at the beginning of each era. The timelines are intended to orient the reader to
new developments relative to other events and are not comprehensive of all contributions to the field
(1989–2001).



CFTR gene identification and gene therapy proof of principle studies

• the CFTR was identified as responsible of CF (1989, Riordan et al)
• retrovirus-mediated gene transfer established proof of principle that cAMP-mediated chloride

conductance can be corrected (Drumm et al 1990)
• adenovirus mediated CFTR cDNA transfer into cotton rats (Rosenfeld te al 1992)
• four years after CFTR cloning, non viral CFTR gene transfer was shown to partially correct the

chloride transport in tracheal epithelium of CF KO mice (Hyde et al 1993)

Clinical tials

• the first trial was performed on three CF patients with first-generation adenoviral vector administrated
to the nasal epithelium. partial rescue of cAMP-mediated chloride transport was shown (Zabner et al
1993)

• non-viral cDNA complex was shown to partially correct chloride transport in the nasal of CF patients
(Caplen et al 1995)

• non-viral, lipid-mediated (GL67A) CFTR transfer restrored Chloride transfer in the lung of CF patients
(Alton et al 1999)

• Twenty-six years after cloning of CFTR, Alton et al demonstrated that repeated administration of GL67A
complexed with a plasmid DNA carrying the CFTR cDNA significantly, albeit modestly, stabilized lung
function in CF patients.

Since cloning of the CFTR gene in 1989 extensive pre-clinical research led to approximately 27 clinical 
trials involving about 600 patients being completed.



CF gene therapy development
Identification of barriers to gene transfer into the lung
potent intra- (nuclear membrane) and extracellular barriers (airways mucus and 
mucociliary clearence) that have evolved to protect us from viruses, bacteria, and other 
inhaled particles also “protect” against inhalation and uptake of inhaled gene transfer 
agents (GTAs); 

Identification of Gene Transfer Agents Suitable for Clinical Translation Is Challenging
Adenoviruses and adenoassociated viruses (AAV) have a natural tropism for the lungs 
and seemed obvious choices for early CF gene therapy trials. However, pre-existing and 
induced immune responses to the viral vector which effect efficacy and duration of 
expression, limit their usefulness for the treatment of a life-long disease such as CF.
In contrast to viral vectors, the simpler structure of non- viral formulations, which 
generally do not contain proteins, make them less likely to induce immune responses. 



The UK CF Gene Therapy Consor1um (GTC) 

founded in 2001, consisting of the three groups in Edinburgh, London, and Oxford 

who had previously conducted CF gene therapy trials. The explicit aim was to share 

expertise and knowledge in a translational program to assess whether gene therapy 

can change the progres- sion of CF lung disease. The GTC is currently the only group 

conducting CF gene therapy trials and recently completed a Phase IIb multi-dose trial.

key data from GTC

finding the best DNA/lipid complexes
• Identification of the cationic lipid formulation GL67A, first used in the 1990s, as the most 

potent GTA for airway gene transfer 

• Improvement of the first generation plasmid (pGM169) by removing the CpG islands, 

codon-optimizing the CFTR cDNA and incorporation of the novel regulatory element, 

hCEFI, consisting of the elongation factor 1a promoter coupled to the human CMV 

enhancer.



key data from GCT: finding the most efficient dosing

• Multi-dose toxicology studies in mice and sheep were undertaken: repeated 
aerosolization of pGM169/GL67A to mice led to cumulative dose-related expression on 
repeat dosing, reaching 94 +/-19% of endogenous murine Cftr levels after 12 deliveries. 
These data further supported progression into a multi-dose clinical trial.

• A single administration, dose-escalation (5, 10, and 20ml of pGM169/GL67A). Phase 
I/IIa safety trial showed that despite CpG-depletion of the plasmid, patients receiving 
the 10 and 20 ml dose still developed mild flu-like symptoms including a fever. Both the 
volume administered to the lung, and the lipid contribute to the inflammatory response 
(in addition to CpG sequences). The 5 ml dose (containing 12.5 mg plasmid DNA) was 
chosen for the multi-dose trial. 

A double-blinded, placebo-controlled multi-dose trial was undertaken



Plasmid pGM169 

Plasmid
pGM169 is a covalently closed, circular, double-stranded pDNA molecule of 6549 base pairs purified from
bacteria. It is based on a novel CpG-free plasmid backbone described in the international patent
application PCT/GB2007/00110433. A diagrammatic representation of pGM169 is presented in Figure 1.
pGM169 contains a CpG-free version of the CFTR coding sequence termed soCFTR2 under the
transcriptional control of a novel CpG-free human CMV enhancer/elongation factor 1 alpha (hCEFI)
enhancer/promoter. Other plasmid elements include a CpG-free version of the bovine growth hormone
polyadenylation sequence, a CpG-free version of the R6K bacterial plasmid origin of replication and a
CpG-free version of the kanamycin resistance gene under the transcriptional control of the CpG-free
synthetic bacterial promoter sequence termed EM7.

Good manufacturing practice (GMP) manufacture of pGM169 was conducted by VGXi Inc. (The Woodlands,
TX, USA). Bacteria containing the plasmid were fermented to a high density and harvested. The bacteria were
then lysed to release their contents, including the plasmid, into solution. The lysate was subjected to three
significant purification steps: (1) solid/liquid separation, (2) ion-exchange chromatography and (3) hydrophobic
interaction chromatography. Subsequently, the purified plasmid was concentrated and desalted by
ultrafiltration/diafiltration into a sterile 8mM sodium chloride (NaCl) solution and finally subjected to aseptic
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FIGURE 1 Plasmid pGM169. The basic features of pGM169 (proceeding clockwise from 0 base pairs) are the
CpG-free human cytomegalovirus enhancer/elongation factor 1 alpha enhancer/promoter; a CpG-free synthetic
intron sequence to enhance mRNA splicing; a CpG-free version of the CFTR coding sequence termed soCFTR2;
a CpG-free version of the bovine growth hormone polyadenylation sequence; a CpG-free version of the R6K
bacterial plasmid origin of replication; a CpG-free version of the kanamycin resistance gene; and a CpG-free
synthetic bacterial promoter sequence termed EM7. bp, base pair; BGH, bovine growth hormone.
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Plasmid pGM169. The basic features of pGM169 (proceeding clockwise from 0 base pairs) are the CpG-free human 
cytomegalovirus enhancer/elongation factor 1 alpha enhancer/promoter; a CpG-free synthetic intron sequence to 
enhance mRNA splicing; a CpG-free version of the CFTR coding sequence termed soCFTR2; a CpG-free version of the 
bovine growth hormone polyadenylation sequence; a CpG-free version of the R6K bacterial plasmid origin of replication; a 
CpG-free version of the kanamycin resistance gene; and a CpG-free synthetic bacterial promoter sequence termed EM7. 
bp, base pair; BGH, bovine growth hormone.



plasmid prepara+on

Good manufacturing practice (GMP) manufacture of pGM169 was conducted by VGXi Inc. (The 

Woodlands, TX, USA). 

Bacteria containing the plasmid were fermented to a high density and harvested. The bacteria 

were then lysed to release their contents, including the plasmid, into solution. 

The lysate was subjected to three significant purification steps: (1) solid/liquid separation, (2) 

ion-exchange chromatography and (3) hydrophobic interaction chromatography. Subsequently, 

the purified plasmid was concentrated and desalted by ultrafiltration/diafiltration into a sterile 

8 mM sodium chloride (NaCl) solution and finally subjected to aseptic filtration to provide the 

bulk drug substance. This bulk was aseptically filled into single-unit vials and stored at ≤ –70 

�C. To prepare the final drug substance, single or multiple pooled lots of bulk drug substance 

were, if necessary, diluted to 5.3 � 0.3 mg/ml with sterile 8 mM NaCl and then filled into 10-

ml clear glass vials at a fill level of 5.2 � 0.2 ml. Vials were stored at –80 �C. The material is 

stable for at least 3 years. 



GL67A cationic lipid 
The cationic lipid mixture GL67A is an excipient, consisting of a mixture of three components 
(the structure of which is shown in Figures 2–4; GL67, DOPE, and DMPE-PEG5000) 
formulated at a 1 : 2 : 0.05 molar ratio. Good manufacturing practice-grade GL67 was 
manufactured by Sanofi-Genzyme (Haverhill, UK). 
GL67-to-DNA ratio of 0.75 : 1 was termed GL67A. 
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obtain a GL67–DOPE–DMPE-PEG5000 molar ratio of 1 : 2 : 0.05. After sterile filtration the lipid mixture was
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FIGURE 4 Structure of DMPE-PEG5000. DMPE-PEG5000 is included in the GL67A cationic lipid mixture for its
charge-shielding properties that facilitate final preparation of the pGM169/GL67A drug product and allow
efficient nebulisation.
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Marguerite Y Wasowicz, James M Wilson, Paul Wolstenholme-Hogg, on behalf of the UK Cystic Fibrosis Gene Therapy Consortium

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 fi brosis. We aimed to assess the effi  cacy of non-viral CFTR gene therapy in 
patients with cystic fi brosis.

Methods We did this randomised, double-blind, placebo-controlled, phase 2b trial in two cystic fi brosis centres with 
patients recruited from 18 sites in the UK. Patients (aged ≥12 years) with a forced expiratory volume in 1 s (FEV1) 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 stratifi ed by % predicted FEV1 (<70 vs 
≥70%), 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 FEV1. 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 signifi cant, 
albeit modest, treatment eff ect in the pGM169/GL67A 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 pGM169/GL67A group 
compared with a decline in the placebo group. We recorded no signifi cant diff erence in treatment-attributable adverse 
events between groups. 

Interpretation Monthly application of the pGM169/GL67A gene therapy formulation was associated with a signifi cant, 
albeit modest, benefi t in FEV1 compared with placebo at 1 year, indicating a stabilisation of lung function in the 
treatment group. Further improvements in effi  cacy and consistency of response to the current formulation are needed 
before gene therapy is suitable for clinical care; however, our fi ndings should also encourage the rapid introduction of 
more potent gene transfer vectors into early phase trials.
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Cystic fi brosis has been a target for gene therapy since the 
CFTR gene was cloned in 1989.1 Lung disease is the main 
cause of morbidity and mortality in individuals with cystic 
fi brosis, with a median age at death of 29 years (95% CI 
27–31).2 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. 
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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 fi brosis. We aimed to assess the effi  cacy of non-viral CFTR gene therapy in 
patients with cystic fi brosis.

Methods We did this randomised, double-blind, placebo-controlled, phase 2b trial in two cystic fi brosis centres with 
patients recruited from 18 sites in the UK. Patients (aged ≥12 years) with a forced expiratory volume in 1 s (FEV1) 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 stratifi ed by % predicted FEV1 (<70 vs 
≥70%), 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 FEV1. 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 signifi cant, 
albeit modest, treatment eff ect in the pGM169/GL67A 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 pGM169/GL67A group 
compared with a decline in the placebo group. We recorded no signifi cant diff erence in treatment-attributable adverse 
events between groups. 

Interpretation Monthly application of the pGM169/GL67A gene therapy formulation was associated with a signifi cant, 
albeit modest, benefi t in FEV1 compared with placebo at 1 year, indicating a stabilisation of lung function in the 
treatment group. Further improvements in effi  cacy and consistency of response to the current formulation are needed 
before gene therapy is suitable for clinical care; however, our fi ndings should also encourage the rapid introduction of 
more potent gene transfer vectors into early phase trials.
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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 (FEV1) 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 FEV1 (<70 vs 
�70%), age (<18 vs �18 years), inclusion in the mechanistic sub-study, 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 1 
NCT01621867. 
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patients would provide 90% power to detect a 6% 
diff erence between groups in the mean change from 
baseline at a two-sided 5% signifi cance level. This power 
calculation was conservative because covariate adjust-
ment can be expected to increase statistical power. We 
did analyses in the per-protocol population (primary 
analysis), predefi ned 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 stratifi cation factors 
(baseline predicted FEV1, age, dosing site, inclusion in 
substudy). Results are reported as adjusted mean 
diff erences with corresponding 95% CIs. We assessed 
subgroup eff ects by including the relevant interaction 
term in the ANCOVA model. To allow results from 
diff erent endpoints to be plotted on a common scale, the 
estimated treatment eff ects 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 con ser-
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 signifi cant.

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 fi nal responsibility for 
the decision to submit for publication.

Results
Figure 1 shows the trial profi le. 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 (fi gure 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 FEV1. 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 
signifi cant ANCOVA-adjusted treatment eff ect in the 
pGM169/GL67A group versus placebo at 12 months’ 
follow-up (3·7%, 95% CI 0·1–7·3; p=0·046; fi gure 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 
(fi gure 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 FEV1 of 5% or 
more of their individual baseline values. For comparison, 
the treatment eff ect in patients in the inten tion-to-treat 

191 patients invited for screening

40 excluded
13 had FEV1 <50%
19 had FEV1 >90%

4 were clinically unstable
3 had clinically significant liver disease
1 absence of evidence of cystic fibrosis 

diagnosis

151 eligible for inclusion

11 discontinued
9 withdrew consent
2 developed exclusion criteria

140 randomised

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

60 received placebo

6 discontinued
1 commenced ivacaftor
1 developed exclusion 

criteria
4 withdrew consent

54 received at least nine doses

76 received pGM169/GL67A

14 discontinued
2 commenced ivacaftor
3 developed exclusion 

criteria
1 missed three or more 

doses
8 withdrew consent

62 received at least nine doses

Intention 
to treat

Per protocol

Figure 1: Trial profi le
Numbers of patients in the intention-to-treat population are unequal because of the 2:1 allocation in the 
mechanistic substudy. FEV1=forced expiratory volume in 1 s.

Trial profile

Numbers of pa-ents in the inten-on-to-treat 
popula-on.
FEV1=forced expiratory volume in 1 s.
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population who had spirometry measure ments both 
before dosing and within the protocol-defi ned window 
after their fi nal dose (n=56 in the placebo group and n=65 
in the pGM169/GL67A group) was 3·6% (95% CI 0·2–7·0; 
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 eff ect was signifi cant 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 (fi gure 3). We assessed whether a responder 
subgroup could be identifi ed; the appendix summarises 
the prespecifi ed subgroups. We noted no signifi cant 
diff erences in the primary outcome treatment eff ect 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 eff ects than others, these results were typically 
due to a greater decline in FEV1 in the placebo group, 
rather than to any diff erence of eff ect in the pGM169/
GL67A group (appendix). Stratifi cation by baseline 
% predicted FEV1 suggested a diff erence, albeit non-
signifi cant, in treatment eff ect between patients with 
more severe disease (FEV1 49·6–69·2% predicted), who 
had a treatment eff ect of 6·4% (95% CI 0·8–12·1), and 
those with less severe disease (69·6–89·9% predicted), 
who had a treatment eff ect of 0·2% (–4·6 to 4·9; 
pinteraction=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 eff ect. Secondary 
outcomes showed a similar trend favouring the more 
severe category (appendix).

Patients in both treatment groups received a median of 
three (IQR one to fi ve) courses of oral or intravenous 
antibiotics during the trial. Specifi cally, we assessed co-
administered antibiotics during the critical analysis 

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

Age (years) 26·0 (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 (15·7)

FEV1 (% predicted) 69·0 (9·9) 69·9 (11·1)

Body-mass index (kg/m²) 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 class 3–6 2 (4%) 2 (3%)

Phe508del/unknown class 3 (6%) 3 (5%)

Data are mean (SD) or n (%), unless otherwise indicated.

Table 1: Baseline and demographic characteristics  
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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. 
FEV1=forced expiratory volume in 1 s.

patients demographic and genetic and 
clinical characteristics



outcomes
Between June 12, 2012, and June 24, 2013, we randomly assigned 140 patients to receive placebo (n=62) or 
pGM169/GL67A (n=78). We noted a significant, albeit modest, 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). This outcome was associated with a stabilisation of 
lung function in the pGM169/GL67A group compared with a decline in the placebo group. We recorded no significant 
difference in treatment-attributable adverse events between groups.

Lentiviral vectors have no natural lung tropism and,
therefore, require pseudotyping with appropriate enve-
lope proteins to facilitate lung gene transfer. The vesicular
stomatitis virus G (VSV-G) protein is commonly used for
this purpose andworkswell for bonemarrow transduction
ex vivo. However, for transduction of airway epithelium it
is necessary to pre-condition the tissue with detergents
which damage the epithelium and allow access to the
basolateral membrane via intercellular spaces.24 This
raises safety concerns for translation into clinical trials,
particularly in CF patients with chronic lung infections.
As a result, several groups, including our own, have
investigated the use of other envelope proteins including

the baculovirus protein GP64,25 proteins from Ebola or
Marburg filoviruses,26 the HA protein from influenza
virus27 and the F and HN protein from Sendai virus28–30

(Fig. 3), which are viruses that either have a broad tissue
tropism (baculovirus), or a natural tropism for the lung
(influenza and Sendai virus). It has been shown that a
single dose of lentivirus leads to life-long stable gene
expression in the murine lung (!2 years) and that
repeated administration of the vector (10 daily doses, or
three administrations at monthly intervals) is feasi-
ble25,29–31 (Fig. 4). To date there has been no report of
insertional mutagenesis or other untoward toxicity in
lungs of mice. A direct comparison between the lead

Fig. 2. Stabilization of lung function after repeated administration of the non-viral formulation
pGM169/GL67A. Cystic fibrosis patients were treated monthly for 12 months with either active
drug or the placebo. Lung function (FEV1¼ forced expiratory volume in 1sec) was measured at
each treatment visit before administration of study drugs. Data are expressed as relative change
from baseline in percent predicted FEV1. Error bars show the standard error of the mean. (A) All
patients. There was a significant, albeit modest, treatment effect in the pGM169/GL67A group
versus placebo at 12 months’ follow-up (3 #7%, P¼0 # 046). (B) Patients with more severe lung
function at start of treatment (Baseline FEV1¼50–70%), (C) Patients with less severe lung
function at start of treatment (Baseline FEV1¼70–90%). The figure is adapted from Ref.89 as part
of a CCBY license.
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Stabilization of lung function after repeated administration of the non-viral 
formulation pGM169/GL67A : all patients

Cystic fibrosis patients were treated monthly for 12 months with either 

active drug or the placebo. Lung function (FEV1 1⁄4 forced expiratory 
volume in 1 sec) was measured at each treatment visit before 
administration of study drugs. Data are expressed as relative change from 

baseline in percent predicted FEV1. Error bars show the standard error of 
the mean. (A) All patients. 

There was a significant, albeit modest, treatment effect in the 
pGM169/GL67A group versus placebo at 12 months’ follow-up (3  7%, 
P=0.046). 



Stabilization of lung function after repeated administration of the non-viral
formulation pGM169/GL67A: patients with more (B) or less (C) severe lung function
decline

Lentiviral vectors have no natural lung tropism and,
therefore, require pseudotyping with appropriate enve-
lope proteins to facilitate lung gene transfer. The vesicular
stomatitis virus G (VSV-G) protein is commonly used for
this purpose andworkswell for bonemarrow transduction
ex vivo. However, for transduction of airway epithelium it
is necessary to pre-condition the tissue with detergents
which damage the epithelium and allow access to the
basolateral membrane via intercellular spaces.24 This
raises safety concerns for translation into clinical trials,
particularly in CF patients with chronic lung infections.
As a result, several groups, including our own, have
investigated the use of other envelope proteins including

the baculovirus protein GP64,25 proteins from Ebola or
Marburg filoviruses,26 the HA protein from influenza
virus27 and the F and HN protein from Sendai virus28–30

(Fig. 3), which are viruses that either have a broad tissue
tropism (baculovirus), or a natural tropism for the lung
(influenza and Sendai virus). It has been shown that a
single dose of lentivirus leads to life-long stable gene
expression in the murine lung (!2 years) and that
repeated administration of the vector (10 daily doses, or
three administrations at monthly intervals) is feasi-
ble25,29–31 (Fig. 4). To date there has been no report of
insertional mutagenesis or other untoward toxicity in
lungs of mice. A direct comparison between the lead

Fig. 2. Stabilization of lung function after repeated administration of the non-viral formulation
pGM169/GL67A. Cystic fibrosis patients were treated monthly for 12 months with either active
drug or the placebo. Lung function (FEV1¼ forced expiratory volume in 1sec) was measured at
each treatment visit before administration of study drugs. Data are expressed as relative change
from baseline in percent predicted FEV1. Error bars show the standard error of the mean. (A) All
patients. There was a significant, albeit modest, treatment effect in the pGM169/GL67A group
versus placebo at 12 months’ follow-up (3 #7%, P¼0 # 046). (B) Patients with more severe lung
function at start of treatment (Baseline FEV1¼50–70%), (C) Patients with less severe lung
function at start of treatment (Baseline FEV1¼70–90%). The figure is adapted from Ref.89 as part
of a CCBY license.
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Cystic fibrosis patients were treated monthly for 12 months with either active drug or the placebo. Lung function (FEV1 1⁄4 forced expiratory 
volume in 1 sec) was measured at each treatment visit before administration of study drugs. Data are expressed as relative change from baseline 
in percent predicted FEV1. Error bars show the standard error of the mean. (B) Patients with more severe lung function at start of treatment 
(Baseline FEV1=50–70%), (C) Patients with less severe lung function at start of treatment (Baseline FEV1=70–90%). 

PaXents with more severe disease



conclusions from the phase Iib clinical trial

- Monthly application of the pGM169/GL67A 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.



FEV stabilization is effectively due to 
exogenous CFTR expression?

The significant effect on lung function shown for the first time in this trial was 
paralleled by only minimal changes in the ion transport assays and no detectable 
vector-specific mRNA. This discordance may relate to the timing and sensitivity of 
the assays, the site of measurement, and/or the relatively small area of airways 
assessed when using molecular assays and further questions the use of these 
assays as go/no-go decision points in the development of CF gene therapy. It also 
raises the possibility of non- specific effects of the gene transfer complex on 
airway function, although this is difficult to rationalize with current knowledge of 
airway biology.



The outcome of the trial raises a 
number of questions

Could the Dose Be Increased? The 5 ml dose was well tolerated when administered repeatedly and a follow-on trial 
might include a higher dose, supported by preliminary data from our single administration Pilot Study.

Was the Right Dosing-Interval Chosen? Although animal studies have shown that gene expression persists for more 
than a month, it is conceivable that more frequent administration may further increase efficacy. However, moving from 
monthly to fortnightly or weekly dosing will clearly increase the treatment burden.

Was the Appropriate Placebo Used? The use of lipid alone as a placebo is a poor choice because charge, pH, tonicity, 
and chemical composition are very different compared to lipid/DNA complexes. The alternative could have been to use 
an empty plasmid or a plasmid carrying a mutant CFTR sequence. However, both these strategies are risky as it would 
not have be able to rule out expression of an immunologically active peptide or novel non-coding RNA molecules with 
deleterious biological functions. Thus, 0.9% saline, which has not been shown to negatively affect lung function, is likely 
the optimal placebo from a range of non-ideal options.

What Is the Best Primary Endpoint? Spirometry (FEV1) is a variable and effort-dependent measurement and, therefore, 
is less than ideal. However, we spent approximately 2 years studying the longitudinal progression of numerous 
validated and more novel markers of disease severity in about 200 patients and were unable to identify a more 
appropriate, regulatory- compliant endpoint.



Alternative Gene Transfer Agents 
Suitable for CF Gene Therapy

Len:viral vectors, which integrate into the genome, are able to transduce dividing and 
non-dividing cells and might, therefore, be suitable for targe:ng differen:ated cells in the 
lung. 
Len:viral vectors have no natural lung tropism and, therefore, require pseudotyping with 
appropriate envelope proteins to facilitate lung gene transfer. The vesicular stoma::s 
virus G (VSV-G) protein, commonly used for this purpose and works well for bone marrow 
transduc:on ex vivo, is not suited for transduc:on airways epithelium.
Other envelope proteins including the baculovirus protein GP64, proteins from Ebola or 
Marburg filoviruses, the HA protein from influenza virus and the F and HN protein from 
Sendai virus, which are viruses that either have a broad :ssue tropism (baculovirus), or a 
natural tropism for the lung (influenza and Sendai virus), have been inves:gated.



F/HN pseudotyped lentiviral vector

non-viral vector GL67A which was used in the recently
completed Phase IIb CF gene therapy trial (see above) and
the F/HN-pseudotyped lentiviral vector, indicates that the
virus is several log orders more efficient in transducing
airway epithelial cells, which are the target cells for CF
gene therapy.
In addition to the envelope proteins, promoter/enhancer

elements that drive recombinant protein expression also
require optimization. The hCEF regulatory element,
consisting of the elongation factor 1a promoter, coupled
to the human CMV enhancer, leads to maximal levels of
gene expression in murine lungs and human air liquid
interface cultures (manuscript submitted). The efficiency,
duration of expression, lack of toxicity and, uniquely,
efficacy on repeated administration, support progression
of the F/HN-pseudotyped lentivirus into a first-in-man
phase I/IIa CF clinical trial which will start at the end of
2017.

MESSENGER RNA THERAPY

Messenger RNA (mRNA) as a template for CFTR gene
supplementation has long been appealing as an alternative
to DNA-based gene delivery, as it avoids the rate-limiting
step of nuclear entry into non-dividing airway epithelial
cells, being translated rapidly and efficiently directly in
the cytoplasm.32

Unfortunately, for many years researchers were unable
to use in vitro transcribed (IVT) mRNAs to upregulate

protein expression in vivo, as these transcripts were
immediately recognized and destroyed by the immune
system following injection.33 Various nucleoside sub-
stitutions including incorporation of pseudouridine,
N1-methyl-pseudouridine, thio-uridine, and 5-methyl-
cytidine have been made in IVT mRNA to improve
stability and high performance liquid chromatography
(HPLC) which removes residual double-stranded (ds)
RNA has reduced immunogenicity.34

With the above-noted modifications, both single and
multiple administrations of therapeutic mRNA transcripts
become possible, overcoming issues of re-administration
and representing a possibly safer alternative to the viral
gene therapy approaches described above.33,34 Proof-
of-concept for the efficacy of repeated pulmonary
delivery of chemically modified mRNA has been
established in a murine model of Surfactant-Protein B
deficiency.35 In contrast, utilization of CFTR mRNA in
CF knock-out animal models is still under investigation.

Fig. 3. Generation of F/HN-pseudotyped lentiviral vector.
Molecular techniques enable the replacement of the gp120
envelope glycoprotein, which supports lentivirus entry into
T-cells but is not suitable for entry into airway epithelial cells,
with the F (fusion) and HN (hemagglutinin-neuraminidase)
proteins from Sendai virus which support efficient entry into
airway epithelial cells. This processof pseudotyping leads to the
generation of a chimeric pseudotyped F/HN lentiviral vector. The
Sendai virus F andHNproteinswere chosenbecause they are, in
part, responsible for the high transduction efficiency of Sendai
virus in lungs.8

Fig. 4. F/HN-pseudotyped lentivirus transduction leads to
persistent gene expression in mouse airways. Mice were
transduced with F/HN-pseudotyped lentivirus expressing a
luciferease reporter gene by nasal sniffing (or received PBS
(negative controls). Luciferase expression was visualized using
bioluminescence imaging, 2–22 months after transduction.
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F/HN-pseudotyped lentivirus transduction leads to persistent gene expression in
mouse airways. Mice were transduced with F/HN-pseudotyped lentivirus expressing
a luciferease reporter gene by nasal sniffing (or received PBS (negative controls).
Luciferase expression was visualized using bioluminescence imaging, 2–22 months
after transduction.
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ABSTRACT
We have recently shown that non-viral gene therapy
can stabilise the decline of lung function in patients
with cystic fibrosis (CF). However, the effect was
modest, and more potent gene transfer agents are still
required. Fuson protein (F)/Hemagglutinin/
Neuraminidase protein (HN)-pseudotyped lentiviral
vectors are more efficient for lung gene transfer than
non-viral vectors in preclinical models. In preparation
for a first-in-man CF trial using the lentiviral vector, we
have undertaken key translational preclinical studies.
Regulatory-compliant vectors carrying a range of
promoter/enhancer elements were assessed in mice and
human air–liquid interface (ALI) cultures to select the
lead candidate; cystic fibrosis transmembrane
conductance receptor (CFTR) expression and function
were assessed in CF models using this lead candidate
vector. Toxicity was assessed and ‘benchmarked’
against the leading non-viral formulation recently used
in a Phase IIb clinical trial. Integration site profiles were
mapped and transduction efficiency determined to
inform clinical trial dose-ranging. The impact of pre-
existing and acquired immunity against the vector and
vector stability in several clinically relevant delivery
devices was assessed. A hybrid promoter hybrid
cytosine guanine dinucleotide (CpG)- free CMV
enhancer/elongation factor 1 alpha promoter (hCEF)
consisting of the elongation factor 1α promoter and
the cytomegalovirus enhancer was most efficacious in
both murine lungs and human ALI cultures (both at
least 2-log orders above background). The efficacy (at
least 14% of airway cells transduced), toxicity and
integration site profile supports further progression
towards clinical trial and pre-existing and acquired
immune responses do not interfere with vector efficacy.
The lead rSIV.F/HN candidate expresses functional CFTR
and the vector retains 90–100% transduction efficiency
in clinically relevant delivery devices. The data support
the progression of the F/HN-pseudotyped lentiviral
vector into a first-in-man CF trial in 2017.

INTRODUCTION
Our ongoing efforts to improve pulmonary gene
transfer for the treatment of lung diseases such as
cystic fibrosis (CF) have led to the assessment of a
lentiviral vector (simian immunodeficiency virus
(SIV)) pseudotyped with the Sendai virus (SeV)
envelope proteins F and HN (rSIV.F/HN).1 The
latter contribute significantly to the high transduc-
tion efficiency of SeV-based vectors in the airway
epithelium.2

We have previously shown that F/HN-pseudotyped
SIV vector produced gene expression in the lungs
and nose of mice for the duration of their lifetime

Key messages

What is the key question?
▸ Is a lentiviral vector, which was pseudotyped to

achieve efficient gene transfer into airway
epithelial cells, suitable for progression into a
first-in-man gene therapy trial in patients with
cystic fibrosis (CF)?

What is the bottom line?
▸ The data support the progression of the F/

HN-pseudotyped lentiviral vector into a
first-in-man CF trial in 2017 for which funding
has been obtained.

Why read on?
▸ In contrast to other viral vectors, lentiviral

vectors hold substantial promise for the
development of gene therapy for a range of
diseases, including chronic conditions due to
their high efficacy, duration of expression and
the fact that pre-existing and acquired immune
responses do not interfere with vector efficacy
on repeated administration.
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can stabilise the decline of lung function in patients
with cystic fibrosis (CF). However, the effect was
modest, and more potent gene transfer agents are still
required. Fuson protein (F)/Hemagglutinin/
Neuraminidase protein (HN)-pseudotyped lentiviral
vectors are more efficient for lung gene transfer than
non-viral vectors in preclinical models. In preparation
for a first-in-man CF trial using the lentiviral vector, we
have undertaken key translational preclinical studies.
Regulatory-compliant vectors carrying a range of
promoter/enhancer elements were assessed in mice and
human air–liquid interface (ALI) cultures to select the
lead candidate; cystic fibrosis transmembrane
conductance receptor (CFTR) expression and function
were assessed in CF models using this lead candidate
vector. Toxicity was assessed and ‘benchmarked’
against the leading non-viral formulation recently used
in a Phase IIb clinical trial. Integration site profiles were
mapped and transduction efficiency determined to
inform clinical trial dose-ranging. The impact of pre-
existing and acquired immunity against the vector and
vector stability in several clinically relevant delivery
devices was assessed. A hybrid promoter hybrid
cytosine guanine dinucleotide (CpG)- free CMV
enhancer/elongation factor 1 alpha promoter (hCEF)
consisting of the elongation factor 1α promoter and
the cytomegalovirus enhancer was most efficacious in
both murine lungs and human ALI cultures (both at
least 2-log orders above background). The efficacy (at
least 14% of airway cells transduced), toxicity and
integration site profile supports further progression
towards clinical trial and pre-existing and acquired
immune responses do not interfere with vector efficacy.
The lead rSIV.F/HN candidate expresses functional CFTR
and the vector retains 90–100% transduction efficiency
in clinically relevant delivery devices. The data support
the progression of the F/HN-pseudotyped lentiviral
vector into a first-in-man CF trial in 2017.

INTRODUCTION
Our ongoing efforts to improve pulmonary gene
transfer for the treatment of lung diseases such as
cystic fibrosis (CF) have led to the assessment of a
lentiviral vector (simian immunodeficiency virus
(SIV)) pseudotyped with the Sendai virus (SeV)
envelope proteins F and HN (rSIV.F/HN).1 The
latter contribute significantly to the high transduc-
tion efficiency of SeV-based vectors in the airway
epithelium.2
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SIV vector produced gene expression in the lungs
and nose of mice for the duration of their lifetime
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What is the key question?
� Is a lentiviral vector, which was pseudotyped to achieve efficient gene transfer into airway 
epithelial cells, suitable for progression into a first-in-man gene therapy trial in patients with 
cystic fibrosis (CF)?

� The data support the progression of the F/ HN-pseudotyped lentiviral vector into a first-in-
man CF trial in 2017 for which funding has been obtained.

� In contrast to other viral vectors, lentiviral vectors hold substantial promise for the 
development of gene therapy for a range of diseases, including chronic conditions due to their 
high efficacy, duration of expression and the fact that pre-existing and acquired immune 
responses do not interfere with vector efficacy on repeated administration.



In preparation for a first-in-man CF trial using the lentiviral vector

we have undertaken key translational preclinical studies:

•Regulatory-compliant vectors carrying a range of promoter/enhancer elements were assessed in mice and human 

air–liquid interface (ALI) cultures to select the lead candidate; 

•cystic fibrosis transmembrane conductance receptor (CFTR) expression and function were assessed in CF models 

using this lead candidate vector. 

•Toxicity was assessed.

•Integration site profiles were mapped and transduction efficiency determined to inform clinical trial dose-ranging.

•The impact of pre- existing and acquired immunity against the vector and vector stability in several clinically 

relevant delivery devices was assessed. 

we found:

-hybrid cytosine guanine dinucleotide (CpG)- free CMV enhancer/elongation factor 1 alpha promoter (hCEF) 

consisting of the elongation factor 1α promoter and the cytomegalovirus enhancer was most efficacious in both 

murine lungs and human ALI cultures (both at least 2-log orders above background). 

- efficacy (at least 14% of airway cells transduced), toxicity and integration site profile supports further progression 

towards clinical trial 

-pre-existing and acquired immune responses do not interfere with vector efficacy. 

The lead rSIV.F/HN candidate expresses functional CFTR and the vector retains 90–

100% transduction efficiency in clinically relevant delivery devices. The data 

support the progression of the F/HN-pseudotyped lentiviral vector into a first-in-

man CF trial in 2017.
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Chemically modified hCFTR mRNAs 
recuperate lung function in a mouse 
model of cystic fibrosis
A. K. M. Ashiqul Haque1, Alexander Dewerth1, Justin S. Antony  1,7, Joachim Riethmüller2, 
Georg R. Schweizer  1, Petra Weinmann1, Ngadhnjim Latifi1, Hanzey Yasar3, 
Nicoletta Pedemonte  4, Elvira Sondo4, Brian Weidensee1, Anjali Ralhan5, 
Julie Laval5, Patrick Schlegel1, Christian Seitz1, Brigitta Loretz3, Claus-Michael Lehr3,6, 
Rupert Handgretinger1,7 & Michael S. D. Kormann  1

Gene therapy has always been a promising therapeutic approach for Cystic Fibrosis (CF). However, 
numerous trials using DNA or viral vectors encoding the correct protein resulted in a general low 
efficacy. In the last years, chemically modified messenger RNA (cmRNA) has been proven to be a highly 
potent, pulmonary drug. Consequently, we first explored the expression, function and immunogenicity 
of human (h)CFTR encoded by cmRNAhCFTR in vitro and ex vivo, quantified the expression by flow 
cytometry, determined its function using a YFP based assay and checked the immune response in 
human whole blood. Similarly, we examined the function of cmRNAhCFTR in vivo after intratracheal 
(i.t.) or intravenous (i.v.) injection of the assembled cmRNAhCFTR together with Chitosan-coated PLGA 
(poly-D, L-lactide-co-glycolide 75:25 (Resomer RG 752 H)) nanoparticles (NPs) by FlexiVent. The 
amount of expression of human hCFTR encoded by cmRNAhCFTR was quantified by hCFTR ELISA, and 
cmRNAhCFTR values were assessed by RT-qPCR. Thereby, we observed a significant improvement of lung 
function, especially in regards to FEV0.1, suggesting NP-cmRNAhCFTR as promising therapeutic option for 
CF patients independent of their CFTR genotype.

Cystic fibrosis (CF), the most common life-limiting autosomal-recessive disease in the Caucasian population 
(1/2,500 newborns), affects more than 80,000 people worldwide1. It is caused by different mutations within the 
gene encoding for the CF transmembrane conductance regulator (CFTR). Those mutations result in impaired 
anion secretion and hyper-absorption of sodium ions across epithelia2,3. Chronic lung disease and slow lung 
degradation are the major contributing factors to both mortality and strongly reduced quality of life4,5. With cur-
rently available therapies, the mean survival is between 35 and 45 years6,7. Since the CFTR gene was first cloned 
in 1989, many efforts have been made to deal with the mutations at a cellular and genetic level8,9. Gene therapy 
approaches made it quickly to the clinic aiming to deliver viral CFTR-encoding vectors (such as adenoviruses 
(Ad) or adeno-associated viruses (AAV)) to CF patients10. However, none of the clinical studies and current 
treatments seem to provide sufficient human (h)CFTR expression to prevent the ultimately lethal CF symptoms 
in the respiratory tract of CF patients. Furthermore, repeated administration of viral vectors or DNA may lead to 
the development of unwanted immune reactions, mainly due to viral capsids and vector-encoded proteins10–12.

Newly designed viral vectors circumvent those problems and can be administered repeatedly, but from a 
clinical perspective, the field is still in need of a therapeutic tool that combines efficient expression in lungs and 
other (affected) organs and cells while avoiding immunogenicity and genotoxicity completely13–15. The non-viral 
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transfected CFBE41o- cells showed an average of 22.8% of the protein expression compared to hCFTR observed 
in 16HBE14o- cells, which increased 4.1-fold to 94.0% at 72 h (P ≤ 0.05; Fig. 1C). This drastic increase of hCFTR 
expression after pDNA transfection goes well in line with the observations in flow cytometry. As well as the quick 

Figure 1. (c)mRNAhCFTR and pDNAhCFTR mediated expression of hCFTR in vitro (A) Total expression of 
hCFTR (calculated by multiplying positive cells (dots) and MFI (bars)) 24 h after transfection with 1 µg (c)
mRNAhCFTR and equivalent nmols of pDNAhCFTR detected by flow cytometry. (B) Total expression of hCFTR 
72 h after transfection with 1 µg (c)mRNAhCFTR and equivalent nmols of pDNAhCFTR detected by flow cytometry. 
(C) Western Blots, semi-quantifying human CFTR in transfected CFBE41o- cells, normalized to GAPDH and 
put relative to CFTR levels in 16HBE14o- cells. Blot section cropped from different blots are delineated with 
clear dividing lines (black) and full blot of same exposure time (30 mins) are depicted in Supplement Fig. S4. 
All bar graph data are depicted as means ± SDs while box plots data are depicted as the means ± minimum to 
maximum values. *P ≤ 0.05 versus unmodified mRNAhCFTR; §P ≤ 0.05 and §§P ≤ 0.01 vs. pDNAhCFTR.

expression profile of plasmid-encoded hCFTR 
(pDNAhCFTR), unmodied 
hCFTR mRNA (mRNAhCFTR) and two well-defined 
nucleoside modifications (cmRNAhCFTR and hCFTR 
s2U0.25/m5C0.25 cmRNAN1Ψ1.0/m5C1.0) which 
have been described to exert state-of-the-art 
stability/expression in vitro or lung-specific cell 
contexts in vivo 

After 72 h from transfection (c) mRNAhCFTR 

expressed significantly lower compared to 
pDNAhCFTR transfected cells, reflecting the 
percentage of positive cells, MFI and in total 
hCFTR expression 



Invivo lung function measurements in cmRNAhCFTR and pDNAhCFTR treated Cftr−/−mice 
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Cftr−/− mice (4084 ± 236.8 ng/µl) was significantly higher compared to Cftr+/+ mice (748.8 ± 96.9 ng/µl, 
P ≤ 0.001; Fig. 5A,B). The treatment of 

. .
cmRNA CFTR

s2U /m5C
h

0 25 0 25
 i.v. significantly lowered the chloride concentrations 

in the saliva of Cftr−/− mice by more than 52 percentage points (P ≤ 0.01; Fig. 5A) underlining the FlexiVent 
results. However, Ψ . .

cmRNA CFTR
N1 /m5C
h

1 0 1 0
 and pDNAhCFTR treated mice (i.v.) only provided about 20 percentage points 

reduction. The treatment with cmRNA CFTR
s2U /m5C
h

0 25 0 25. .
 i.t. (80 µg) significantly lowered the chloride concentrations in 
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contrast to the in vitro data, when 40 µg cmRNA CFTR
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(P ≤ 0.01, Fig. 6C). More importantly, we wanted to analyze if there is a significant increase in hCFTR protein 
levels in the lungs of treated mice by hCFTR ELISA (Fig. 6B,E). These analyses confirmed that mice treated with 
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 and pDNAhCFTR showed a clear and significant increase of 

hCFTR protein compared to control mice (Fig. 6E) (P ≤ 0.01). All the mock controls used in hCFTR ELISA have 
proven to be not significantly different from the negative control.

cmRNAhCFTR immunogenicity in vivo in mice after i.v. application. All in vivo experiments were per-
formed with nanoparticles if not stated otherwise. First, we applied different compounds such as nanoparticles, 
E. coli extract total RNA (positive control), cmRNAhCFTR and pDNAhCFTR i.v. or i.t. to mice and monitored their 
immune reaction at three different time points. Applying 40 µg cmRNAhCFTR (with any modifications used) or 

Figure 3. In vivo lung function measurements in cmRNAhCFTR and pDNAhCFTR treated Cftr−/− mice by i.v. 
route. All mouse groups utilized in (B–D) are color-coded for their treatment schemes (A), including dosage 
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n = 4–7 mice per group. The blue area represents the variance of the negative controls which are biological 
replicates. Data represent the means ± SD on compliance, resistance and Forced Expiratory Volume in 
0.1 seconds (FEV0.1). *P ≤ 0.05; **P ≤ 0.01 and ***P ≤ 0.001 versus untreated Cftr−/− mice.
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pDNAhCFTR i.v. or i.t. did not lead to detectable responses of key cytokines IFN-α or TNF-α (detected by ELISA) 
at all three-time points (Fig. 7A)34,35. Nanoparticles alone (used in all in vivo experiments) showed no immune 
response over the detection limit. However, as expected the positive control (E. coli extract total RNA) i.v. and 
i.t. resulted in a significant increase of IFN-α and TNF-α at 6 h and a trend increase of IFN-α at 24 h, while an 
effect at 72 h was not detectable (Fig. 7A). No immune response had been observed apart from positive control in 
groups treated intratracheally (i.t) (Fig. 7B).

Figure 4. In vivo lung function measurements in cmRNAhCFTR and pDNAhCFTR treated Cftr−/− mice by i.t. 
route. All mouse groups utilized in (B–D) are color-coded for their treatment schemes (A), including dosage 
and application routes. (B–D) Precision in vivo lung function measurements covering all relevant outcome 
parameters on Cftr−/− mice treated twice via i.t route and measured 72 hours after the 2nd instillment; n = 4–7 
mice per group. The blue area represents the variance of the negative controls which are biological replicate. 
Data represent the means ± SD on compliance, resistance and Forced Expiratory Volume in 0.1 seconds 
(FEV0.1). *P ≤ 0.05; **P ≤ 0.01 and ***P ≤ 0.001 versus untreated Cftr−/− mice.

Figure 5. In vivo saliva chloride concentration measurement of cmRNAhCFTR and pDNAhCFTR treated Cftr−/− 
mice by i.v./ i.t. route (A,B) Functional test of reconstituted CFTR channel and reduced chloride concentration 
after i.v. (A) or i.t. (B) treatment of Cftr−/− mice compared to untreated Cftr−/− (black), positive controls 
(violet), and percentages relative to the positive control; n = 4 mice per group; two mock controls were included 
(white); boxes represent the means ± minimum and maximum values. The blue area represents the variance of 
the negative controls which are biological replicates. *P ≤ 0.05; **P ≤ 0.01 versus untreated Cftr−/− mice.
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administration of 
. .

cmRNA CFTR
s2U /m5C
h

0 25 0 25
 to positively compensate most of lung function parameters. Overall, we 

could demonstrate that certain protocols, applying cmRNAhCFTR either i.v. or i.t. efficiently restored lung function 
values equal to those of wild-type. Suggesting a more even distribution through arteries and the bronchial circu-
lation by i.v. injection, this route and formulation could lead to a very potent therapy especially for newborns and 
young infants. By providing functional CFTR early in life, the lungs could be protected from irreversible damage. 
Nevertheless, when applied intratracheally, which mimics deep inhalation of a spray or powder formulation (pri-
mary application route in adults), an adjustment in dose and/or formulation (e.g. cmRNA CFTR

s2U /m5C
h

0 25 0 25. .
 increased 

to 80 µg) might easily abrogate any negative effect of the Cftr−/− genetic background on lung function.
Eventually, we determined the impact of cmRNAhCFTR and pDNAhCFTR on another relevant physiological out-

come such as the saliva chloride concentration to evaluate therapeutic effect and complement the lung function 
results. Sweat chloride concentration has become an accepted method as a diagnostic readout to assess treatment 
effects of CF patients50. As an analog, chloride concentration of β-adrenergic stimulated salivary glands of Cftr−/− 
mice can be investigated as it complies with findings in CF patients33. In this study, we could show a substantial 
difference in salivary Cl− content of cmRNAhCFTR and pDNAhCFTR treated mice – both, i.v. and i.t. – compared to 
their untreated counterpart. With end point-analysis, a significant decrease in Cl− to nearly 50% was observed, 
indicating a restoration of CFTR in the duct compartment of salivary glands and thus leading to an improved 
Cl− absorption. Previous studies estimated that a restoration of CFTR activity to 50% could lead to sweat chloride 
levels to near normal levels in CF patients. Given that, it is possible that cmRNAhCFTR treatment has the potential 
to improve CFTR activity to levels that are at least similar to those in patients with a mild CF phenotype51.

In this study, by applying cmRNAhCFTR consecutively, both modifications were successfully delivered to the 
lungs with the i.v. route being more efficient at doses of 40 µg (2 mg/kg body weight) per treatment. Intriguingly, 
in contrast to the results obtained in vitro, 

. .
cmRNA CFTR

s2U /m5C
h

0 25 0 25
 showed a significantly higher CFTR protein 

expression with higher accumulation of hCFTR mRNA in lung cells. Assuming differences of cmRNA-encoded 
transgene expression between distinct cell lines, it is plausible to consider such differences between in vitro versus 
in vivo applications, which is by far more complex. In this respect, the higher amount of cmRNA CFTR

s2U /m5C
h

0 25 0 25. .
 

found in lung cells after i.v. injection, might be due to the fact that its nucleoside composition is more favorable to 
evade PRRs, thus being less degraded. However, regardless of cmRNA kinetics we also observed differences in the 
delivery route of cmRNAhCFTR/pDNAhCFTR -NPs. Our data suggest i.v. injection to be more efficient in delivering 
such complexes to the lung than topical administration. Tests of cmRNAhCFTR -NP’s capacity of mucus penetra-
tion are in planning phase including detection of cmRNAhCFTR and CFTR protein (glycosylated) in a Cftr-deficient 
mouse model especially at the apical side of the bronchial epithelium. The upper airways are lined with mucus 
and mucociliary movements clear foreign particles immediately. In addition, the main barriers in the deeper areas 
are the alveolar lining, scavenger transporters and alveolar macrophages52,53. We, therefore, concluded that the 
original dosing by which cmRNA-NPs were delivered i.t. was not as efficient as using the i.v. route. Indeed, 
increasing the amount by doubling the dose (to 80 µg) for each treatment showed a hCFTR expression close to 
levels seen using the i.v. route.

To exclude immune reactions caused by either NPs or the cmRNAhCFTR itself, we conducted extensive immune 
assay tests in vivo. Except for the positive control (E. coli total mRNA), we could not detect any immunostimu-
latory effect in vivo that could arise from NPs or the cmRNAhCFTR. These results confirm our previous studies in 
which we showed that NPs, as well as modified mRNA, could be administered safely to the lungs without any 
substantial increase in cytokines, or inflammatory-related cells such as macrophages or neutrophils26. Systemic 
delivery has also been reported to have no impact on proinflammatory cytokine secretion29.

Taken together, this study is the first proof of concept of efficient application of NP-cmRNAhCFTR in vivo to 
restore lung function in a Cftr-deficient mouse model. Importantly, we could neither detect immune responses 
in vivo nor in a more defined setting ex vivo. Applying cmRNAhCFTR to Cftr−/− mice could efficiently restore lung 
function close to levels of healthy control mice. In addition, our study compared - apart from two well-known 
mRNA modifications and pDNAhCFTR - also two different delivery routes, demonstrating that systemic admin-
istration of cmRNA targets lung cells more efficiently at lower dosages. This study provides a proof of concept 
for alternative treatment of patients suffering from CF. cmRNAhCFTR transcript supplementation may be broadly 
applicable for most CFTR mutations, not only in adults but already in the postnatal state, thereby protecting the 
lungs from exacerbations from the very beginning of life.
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Summary. Since identification of the CFTR gene over 25 years ago, gene therapy for cystic
fibrosis (CF) has been actively developed. More recently gene therapy has been joined by other
forms of “genetic medicines” including mRNA delivery, as well as genome editing and mRNA
repair-based strategies. Proof-of-concept that gene therapy can stabilize the progression of CF
lung disease has recently been established in a Phase IIb trial. An early phase study to assess the
safety and explore efficacy of CFTR mRNA repair is ongoing, while mRNA delivery and genome
editing-based strategies are currently at the pre-clinical phase of development. This review has
been written jointly by some of those involved in the various CF “genetic medicine” fields and will
summarize the current state-of-the-art, aswell as discuss future developments.Where applicable,
it highlights common problems faced by each of the strategies, and also tries to highlight where a
specific strategy may have an advantage on the pathway to clinical translation. We hope that this
review will contribute to the ongoing discussion about the hype versus reality of genetic medicine-
based treatment approaches in CF. Pediatr Pulmonol. 2016;51:S5–S17.
! 2016 Wiley Periodicals, Inc.
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INTRODUCTION

The improved understanding of cystic fibrosis (CF)
pharmacogenetics has led to licensing of drugs that begin
to address the molecular defect caused by certain cystic
fibrosis transmembrane conductance regulator (CFTR)
mutations1; these advances provide the first proof-
of-concept that the molecular defect in CF can be
targeted and functionally corrected. In parallel “genetic
medicines,” defined as the delivery of DNA or RNA
nucleic acids encoding the CFTR protein and the repair of
the CFTR gene (genome editing) or the CFTR mRNA
(mRNA editing) (Fig. 1) have been developed over the
last two decades and will be reviewed in this article. The
strategies currently focus on restoring CFTR function in
the lung, given the role of this organ in morbidity and
mortality in CF patients.
Several hypotheses have been postulated to explain

how mutations in the CFTR gene might cause CF. The
“low-volume” hypothesis postulates that, in addition to a
reduction in chloride transport, the lack of functional
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Abstract: Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene that encodes a cAMP-regulated anion
channel. Although CF is a multi-organ system disease, most people with CF die of progressive
lung disease that begins early in childhood and is characterized by chronic bacterial infection and
inflammation. Nearly 90% of people with CF have at least one copy of the DF508 mutation, but there
are hundreds of CFTR mutations that result in a range of disease severities. A CFTR gene replacement
approach would be efficacious regardless of the disease-causing mutation. After the discovery of the
CFTR gene in 1989, the in vitro proof-of-concept for gene therapy for CF was quickly established in
1990. In 1993, the first of many gene therapy clinical trials attempted to rescue the CF defect in airway
epithelia. Despite the initial enthusiasm, there is still no FDA-approved gene therapy for CF. Here we
discuss the history of CF gene therapy, from the discovery of the CFTR gene to current state-of-the-art
gene delivery vector designs. While implementation of CF gene therapy has proven more challenging
than initially envisioned; thanks to continued innovation, it may yet become a reality.
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1. Introduction: A Brief Summary of Cystic Fibrosis Today

Cystic Fibrosis (CF) is a common autosomal recessive genetic disease that affects multiple organ
systems. In 1938, Dr. Dorothy Andersen first described the disease as “cystic fibrosis of the pancreas”,
which correlated with malnutrition. Since this discovery, aggressive early interventions have been
established to improve the quality of life of people with CF, however progressive lung disease
remains difficult to manage and is the leading cause of morbidity and mortality. Therapeutic small
molecules [1–3] provide benefit to a growing percentage of people with CF. Although this is astounding
progress, these cystic fibrosis transmembrane conductance regulator (CFTR) modulators are expensive
and require lifetime treatment. A one-time treatment administered early in life for people with CF
might prevent the onset of lung disease. Figure 1 outlines the six classes of CFTR mutations, examples
of each mutation, and the prevalence within the U.S. population of people with CF. Small molecule
therapeutics for each class are also labeled. Individuals may have different mutations on each allele and
individual mutations may fit into more than one category. Furthermore, new mutation subclasses have
been proposed based on the potential corrective therapy potential [4]. As small molecule treatments
continue to improve and expand among different mutations, perhaps additional classes or subclasses
will be added. Although the development of potentiator and corrector small molecule treatments
provide relief for many people with CF, there remains an unmet need for those who have mutations
that do not benefit from these treatments. Thus, gene therapy is a mutation agnostic approach and has
the potential to repair the phenotypic defect for all people with CF.
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Abstract: Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene that encodes a cAMP-regulated anion
channel. Although CF is a multi-organ system disease, most people with CF die of progressive
lung disease that begins early in childhood and is characterized by chronic bacterial infection and
inflammation. Nearly 90% of people with CF have at least one copy of the DF508 mutation, but there
are hundreds of CFTR mutations that result in a range of disease severities. A CFTR gene replacement
approach would be efficacious regardless of the disease-causing mutation. After the discovery of the
CFTR gene in 1989, the in vitro proof-of-concept for gene therapy for CF was quickly established in
1990. In 1993, the first of many gene therapy clinical trials attempted to rescue the CF defect in airway
epithelia. Despite the initial enthusiasm, there is still no FDA-approved gene therapy for CF. Here we
discuss the history of CF gene therapy, from the discovery of the CFTR gene to current state-of-the-art
gene delivery vector designs. While implementation of CF gene therapy has proven more challenging
than initially envisioned; thanks to continued innovation, it may yet become a reality.
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