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ABSTRACT 

Background 

Lung disease is the major source of morbidity and mortality in cystic fibrosis (CF), 

with large variability in severity between patients. Although accurate prediction of 

lung disease severity would be extremely useful, no robust methods exist. Twin and 

sibling studies have highlighted the importance of non-cystic fibrosis transmembrane 

conductance regulator (CFTR) genes in determining lung disease severity but how 

these impact on severity in CF remains unclear. 

Methods 

A systematic review was undertaken to answer the question “In patients with CF 

which non-CFTR genes modify the severity of lung disease?” The method for this 

systematic review was based upon the “Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA)” statement, with a narrative synthesis of 

results planned. 

Results 

1168 articles were screened for inclusion, with 275 articles undergoing detailed 

assessment for inclusion. 140 articles were included. Early studies focused on 
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t candidate genes, while more recent studies utilised genome-wide approaches and 

also examined epigenetic mechanisms, gene expression, and therapeutic response. 

Discussion 

A large body of evidence regarding non-CFTR gene modifiers of lung disease severity 

has been generated, examining a wide array of genes. Limitations to existing studies 

include heterogeneity in outcome measures used, limited replication and relative 

lack of clinical impact. Future work examining non-CFTR gene modifiers will have to 

overcome these limitations if gene modifiers are to have a meaningful role in the 

care of patients with CF. 

1. INTRODUCTION  

Lung disease is the major source of morbidity and mortality in cystic fibrosis (CF), 

however there is significant variability in severity between patients. 1,2 Accurate 

prediction of severity would be extremely useful (see table 1), and the ability to 

stratify patients could potentially help to address 8 of the top 10 research priorities 

in CF recently determined by stakeholders. 3 For example, one priority concerns 

effective ways of simplifying the treatment burden in patients with CF, and it would 

likely be easier to simplify the burden in patients predicted to have mild lung 

disease. 

It was originally hypothesised that cystic fibrosis transmembrane conductance 

regulator (CFTR) mutation status could predict lung disease severity. However, 

multiple studies demonstrated that for the majority of disease causing mutations, 
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t this is not the case.1,2,4 Subsequently, it was hypothesised that the severity of 

pulmonary phenotype may be impacted by environmental or non-CFTR genetic 

factors. 5 As early as 1990 the potential role of non-CFTR gene modifiers was 

proposed.6 Family and, in particular, twin studies are a well-established method for 

determining the relative contribution of genetic and environmental factors and two 

major twin and sibling studies conducted in CF both showed that non-CFTR genetic 

modifiers play a significant role in determining lung disease severity.7,8 9 

Numerous studies have attempted to identify which genes affect CF lung disease 

severity and have been the subject of multiple expert reviews 10-14 but to our 

knowledge no systematic reviews have been performed. The aim of this study was to 

systematically review the evidence for the effect of non-CFTR modifier genes on CF 

lung disease severity. 

2. METHODS  

The method for this systematic review was based upon the “Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA)” statement15 and the 

review was registered with PROSPERO (CRD42017070836). 16  

2.1 Research Question 

“In patients with CF which non-CFTR genes modify the severity of lung disease?” 
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t 2.2 Search Strategy 

Databases searched and search terms used are detailed in Appendix A. Searches 

were limited to the English language. Reference lists from identified articles were 

also searched for relevant articles. 

2.3 Study Selection 

Duplicate articles were removed. Titles and abstracts were reviewed and inclusion 

and exclusion criteria (see Table 2) were applied. For articles remaining after initial 

review, full text was obtained and re-reviewed for inclusion or exclusion. Where data 

were only available in abstract form they were included if they had been published 

in a peer-reviewed journal. Where full text articles were unable to be obtained, the 

corresponding author was contacted to provide a copy, and if this was not successful 

the article was excluded. 

2.4 Data Extraction 

Data, including gene name, study method, patient number, country, age, gender, 

CFTR genotype, lung disease outcome and results, were extracted into a template 

developed by the authors. Study method was classified as candidate vs. systemic, 

qualitative vs. quantitative, and linkage vs. association based on previously published 

definitions. 17  
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t 2.5 Quality Assessment and Data Synthesis 

It was anticipated that the results of the search would not allow for a meta-analysis 

due to heterogeneity in terms of study population, genes investigated and lung 

disease outcomes used. As such, a narrative synthesis was planned. To assess the 

quality of included studies the Q-Genie tool, which is specifically designed to assess 

the quality of genetic association studies, was used.18 Briefly, each paper is assessed 

based on 11 criteria. A 7 point Likert scale is used from poor (1) to excellent (7), and 

a score assigned for each criteria. The score from each criterion are then combined 

to give the overall score. The maximum score a paper can obtain is 77. 

3. RESULTS  

3.1 Summary of Searches 

A PRISMA diagram summarising the results of the systematic review is shown in 

Figure 1. Reasons for exclusion of the papers where full text review was undertaken 

are detailed in Supplementary Table 1.  

3.2 Data Synthesis 

The data extracted from the 140 included papers are summarised in Supplementary 

Table 2, Supplementary Table 3, and Table 3. The results are briefly summarised 

below, with more detail regarding findings of individual studies and the body of 

evidence for each gene summarised found in Supplementary Table 2 and 

Supplementary Table 3 respectively. 
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t 3.2.1 Candidate Gene/Region Approach 

The initial studies of non-CFTR gene modifiers of CF disease severity focused on 

investigating candidate genes or regions involved in pathways implicated in the 

pathogenesis of CF lung disease. The majority of these studies used an association 

based methodology, whilst some used linkage or a combined approach (such as 

transmission disequilibrium testing) (see table 3). Whilst the majority of gene 

modifier studies have been candidate gene studies, the highest quality evidence has 

been derived from larger studies which used a genome wide approach. As such only 

the studies regarding selected genes are described. Summaries of all candidate gene 

studies are found in the attached tables.  

Transforming Growth Factor Beta 1 (TGFβ1) 

TGFβ1, was postulated to be a gene modifier due to its role in inflammation, fibrosis, 

and chloride transport19 is one of the most widely investigated gene modifiers, 

having been investigated by 15 different studies.20-34 These studies have examined 3 

different sites, with codon 10 being of most interest. The studies have yielded 

conflicting results, but several studies including the large Gene Modifier Study21, 

have shown that the CC genotype is associated with more severe disease. The CC 

genotype is associated with increased TGFβ1 expression which could cause more 

severe disease due to increased inflammation and fibrosis.19 Studies have also 

demonstrated an interplay between tobacco smoke exposure and TGFβ1 in 

determining disease severity28, as well as interaction with other gene modifiers.24 
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MBL is part of the innate immune response, and MBL deficiency is associated with 

increased susceptibility to infection.35 MBL has been extensively studied as a gene 

modifier, with a number of studies21,24,25,32,36-47 showing as hypothesised, a low MBL 

production genotype is associated with several measures of more severe lung 

disease such as higher infection rates, lower lung function, and lower survival. Of 

note the most robust study found no effect of MBL.21  

Macrophage Migration Inhibitory Factor (MIF) 

MIF is a proinflammatory mediator and in vitro models have shown that 

polymorphisms with five CATT repeats at the -794 promoter are associated with 

reduced gene expression. The number of CATT repeats at the -794 promoter of MIF 

was associated with lung disease severity in three studies, with as expected five 

CATT repeats being associated with milder lung disease in terms of lung function and 

PA infection.48-50 Due to poor coverage of the MIF gene in the some SNP 

microarray’s this gene may not have been examined by CF GWAS studies.  

Glutathione S-Transferase Mu (GSTM1) 

Due to its role in protecting the lung from oxidative lung injury, GSTM1 has been 

investigated in 9 studies21,34,51-57, and while some smaller studies51,52,54 showed a link 

between the null genotype and poorer outcomes, the largest study21 showed no 

effect. A possible explanation for this discrepancy is that the studies showing an 

effect used radiological and clinical score outcomes, whereas the large Gene 

Modifier study used FEV1. 
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t CD14 

CD14 is part of the innate immune response, and presence of a C allele at position -

159, is associated with reduced CD14 levels. CD14 genotype showed no effect on 

lung function in 2 studies.25,58 However, in a study using a very robust 

microbiological endpoint (annual bronchoalveolar lavage (BAL)) the low CD14 

producing CC genotype at position -159 was associated with earlier acquisition of PA 

infection.59 There has been no attempt to replicate this finding.  

Human haemochromatosis protein (HFE) 

Higher iron levels the airway have been implicated in CF lung disease severity.60,61 

HFE plays a crucial role in iron homeostasis, with mutations in HFE being associated 

with higher iron levels. HFE has been investigated in two separate Australian cohorts 

and showed that individuals with mutations had significantly lower lung function 

(absolute difference of 14.4% in FEV1) and a faster rate of decline in FEV1. 62,63  

Endothelin Receptor Type A (EDNRA) 

EDNRA is a proinflammatory peptide and is also implicated in small airway 

constriction. One study investigated mutations in EDNRA across four different 

cohorts and found that at SNP rs5335, the CC genotype was associated with a 5% 

absolute reduction in lung function.64 Further in vivo experiments showed the CC 

genotype to be associated with increased EDNRA levels and hence a 

proinflammatory state. Methylation of EDNRA in blood but not nasal epithelial cells 

was subsequently shown to be inversely related to lung disease severity.34 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t Carcinoembryonic antigen-related cell adhesion molecules (CEACAM)  

CEACAM was identified as a modifier of lung disease severity in 2 separate studies 

65,66 

using the European Twins and Siblings cohort. These studies performed a linkage 

analysis whereby the distribution of alleles between mildly and severely affected 

sibling pairs and concordant and discordant siblings was compared to find gene 

modifiers.  

Mucin 

Due to the role of altered mucus in CF lung disease, a number of mucin (MUC) genes 

have been investigated. The international GWAS meta-analysis identified that a locus 

at 3q29 which contains MUC4 and MUC20 was associated with lung disease severity. 

67 A study of 762 patients found a relationship between MUC5AC variable number 

tandem repeat (VNTR) number and disease severity with the 6.4kb VNTR being 

associated with more severe disease. 68 Of note, all mucin genes have only been 

investigated in single studies with no attempted replication. 

CFTR Vicinity 

Several genes have been investigated as potential gene modifiers due to their 

proximity to CFTR. One study found that leptin 1 and 2 (LEP1, LEP2) were associated 

with increased disease severity. 69 Another study analysed the region 7q31 to 7qtel 

and found a locus on 7q34 that showed differential onset of parental recombination 

and differential imprinting between mildly and severely affected sibling pairs. 70 
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t However, both studies used composite measure of severity, which encompassed 

both respiratory and nutritional parameters. The authors of both studies 

hypothesised that the effect was most likely via an influence on nutrition. 

3.2.2 Systematic Genome Wide Approach 

As technology has evolved genome-wide searches, rather than targeted approaches, 

have become more common. Genome wide searches examine either the entire 

exome (the part of the genome which is responsible for coding proteins) via whole 

exome sequencing, or all SNPs via GWAS. 

Whole Exome Sequencing 

Two studies71,72 using whole exome sequencing identified genes that modify the risk 

of PA infection. Mutations in dynactin subunit 4 (DCTN4) and transmembrane 

channel-like protein 6 (TMC6) were associated with early onset of PA infection and a 

caveolin 2 (CAV2) variant was shown to be protective. These studies also showed an 

effect of TMC6 and CAV2 on lung function, with variants associated with earlier PA 

acquisition being associated with lower FEV1. One study attempted to replicate the 

findings with regards to DCTN4 and found it only affected risk of PA infection in a 

subgroup of males who had two class 2 CFTR mutations.73 

GWAS 

Three GWAS studies67,74,75 have been published to date, one of which pooled GWAS 

results from North America and France to perform a meta-analysis.67 A major 

strength of these GWAS studies when compared to previous candidate gene studies 
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t is the significantly larger number of subjects involved. For example, the GWAS meta-

analysis included data from SNP microarrays from 6,365 patients, as compared to 

the largest candidate gene study which involved an initial cohort of 808 patients, 

with replication in 498 patients. This strength is reflected in the GWAS studies having 

the highest Q-Genie scores. The GWAS meta-analysis used FEV1 to measure lung 

disease severity. Five loci that were associated with lung disease severity were 

identified;  

1. Chromosome 3q29, which contains MUC4 and MUC20, however no 

subsequent studies have investigated this region or the hypothesised genes.  

2. Chromosome 5p15.3 contains solute carrier family 9A3 (SLC9A3), a gene 

which was also shown in 3 other studies33,76,77 to associate with lung disease 

severity.  

3. Chromosome 6p21.3, contains HLA Class II which was shown in other 

studies67,78,79 to associate with lung disease severity as measured by lung 

function and PA infection.  

4. Chromosome Xq22-q23 contains angiotensin II receptor type 2 (AGTR2) 

and solute carrier family 6A14 (SLC6A14). No other studies have investigated 

AGTR2. SLC6A14 appeared to associate with both lung function and risk of PA 

infection in a large Canadian study.76 

5. Chromosome 11p12-p13 contains ETS homologous factor (EHF) and 

together with APIP, identified by a previous GWAS74, was included in the 

meta-analysis. A subsequent study used targeted resequencing of this area a 

This article is protected by copyright. All rights reserved. 



 
A

ut
ho

r 
M

an
us

cr
ip

t group of 377 patients, and identified multiple SNPs associated with lung 

disease severity.80  

While a number of the genes of interest in the five identified loci have not been 

further investigated and hence replicated, the GWAS meta-analysis did include 

analysis (via forest plots and Cochran’s Q test) where the patients were analysed in 

13 sub populations (based on original cohort and SNP microarray platform used) to 

assess for heterogeneity. Using Cochran’s Q test only the chromosome 3q29 loci 

showed evidence of heterogeneity and using a forest plot most of the 

subpopulations showed a significant effect of 3q29. This analysis serves as a form of 

internal replication showing that the 5 loci of interest were still significant even 

when results were analysed in the 13 subpopulations. 

A previous GWAS74 used linkage analysis to identify 20q13.2 as a modifier locus in a 

subset of 486 sibling pairs. Linkage analysis uses different methodology to that used 

in traditional GWAS analysis so the meta-analysis could not replicate this finding.  

A separate publication used a novel analysis technique on data from GWAS 

performed in Canadian and French cohorts to analyse a set of genes which affect 

apical plasma membrane epithelia.77 This identified SLC9A3 (which had already been 

identified by the international GWAS), SLC9A3R2 and EZR as modifying lung disease 

severity. To date, no attempts at replicating the findings regarding SLC9A3R2 and 

EZR have been made. 
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t 3.2.3 Epigenetic  

Epigenetics refers to the phenomenon of heritable changes in gene expression that 

do not involve changes to the underlying DNA sequence. 81 The most commonly 

investigated epigenetic mechanism is DNA methylation and four studies have 

investigated this. Ideozu et al82 analysed methylation at ABCC1-5 and found no 

relationship between DNA methylation and disease severity. Magalhaes et al34 

analysed DNA methylation of 13 candidate genes, in blood and nasal epithelial cells 

in a group of 48 patients, with a replication cohort of 30. They found heme 

oxygenase 1 (HMOX1), EDNRA, and GSTM3 DNA methylation were associated with 

lung disease severity. Another epigenetic mechanism is imprinting, where one copy 

of a gene is silenced depending on which parent it was inherited from. Two separate 

studies from the European Twins and Siblings studies have hypothesised a 

relationship between imprinting of 7q34 and disease severity. 69,70 

3.2.4 Gene Expression 

There has been a recent increase in studies examining gene expression and CF lung 

disease severity. Two studies examined the effect of ABCC1 gene expression, with 

Hurbain et al83 finding that low expression in nasal epithelial cells was associated 

with more severe clinical disease scores. However, a subsequent study82 did not find 

a relationship. Kelly et al84 identified that increased A20 gene expression in nasal 

epithelial cells was associated with milder lung disease. Magalhaes et al34 

investigated gene expression of 13 candidate genes in blood and found no effect. 

Only one study examined genome-wide expression in nasal epithelial cells and 
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t identified genes related to oxidoreductase activity, the ubiquitin cycle and lipid 

metabolism to be associated with lung disease severity. 85 A subsequent study, 

which examined gene expression in blood, identified gene pathways involved in HLA 

Class I, Phe508del processing and endoplasmic reticulum stress response to be 

associated with lung disease severity. 79 In particular, lysophosphatidic acid receptor 

6 (LPAR6) was found to be more highly expressed in those with severe lung disease.  

3.2.5 Theratype 

A theratype refers to factors which predict a patient’s response to a treatment, and 

in CF there is scope to move beyond the existing focus on theratypes related to CFTR 

genotype.86 Several studies have examined gene modifiers of therapeutic response. 

Four studies87-90 examined whether polymorphisms of β -2 Adrenergic Receptor 2 

(ADRB2), which is involved in bronchoconstriction, would affect whether patients 

responded to inhaled bronchodilator, and found there was no significant 

relationship. In a more recent, and highly relevant study, Strug et al91 examined the 

effect of gene modifier SLC26A9 (an alternate chloride channel identified via the 

GWAS meta-analysis) on the response to treatment with the CFTR modulator 

ivacaftor. They studied 24 Canadian patients with at least one gating mutation and 

measured FEV1 before and after treatment with ivacaftor. They genotyped patients 

at the SNP rs7512462, and found that for each C allele (as compared to T) there was 

a 9.8% improvement in FEV1 response to ivacaftor. 
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t 4. DISCUSSION  

A significant body of evidence has been generated regarding potential modifiers of 

CF lung disease severity. The wide array of genes that has been studied is in keeping 

with the numerous mechanisms implicated in the pathogenesis of CF lung disease. A 

key strength of the literature is that subjects from 27 different countries have been 

studied, and thus, a wide cross-section of the CF population is represented. This is 

countered by the majority of subjects, especially in genome wide studies, being from 

North America and Western Europe. There are, however, significant limitations 

within the evidence including variability in outcome measures, lack of replication, 

and limited data on subsequent clinical impact. 

One issue limiting the comparability of papers is the large variability in outcome 

measures used. Fifty-three different outcome measures were used, with the most 

common measure being FEV1. For FEV1 at least 15 different reference equations 

were used, and often the selection and timing of FEV1 measurement was unclear. 

This limited the comparison of genome wide studies with each other and candidate 

gene studies. In the adult population one way to overcome this is for all studies to 

use KNORMA, the FEV1 measure developed by the international GWAS consortium. 

A limitation of this approach is that it would not be applicable to children too young 

to perform spirometry,14 and given there are differences in lung disease severity 

observed in the first years of life, there remains great interest in gene modifier 

studies in this age group. In fact, a National Heart Lung Blood Institute workshop in 

primary prevention of chronic lung disease in CF called for identification of gene 

modifiers that affect lung disease severity in early life.92 Studies involving children 
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t should use the most robust markers of lung disease severity in this age group, but 

they have been rarely used in gene modifier studies to date. Only two papers93,94 

used the most sensitive measure of lung function (lung clearance index - LCI), 95 96 97 

and one paper59 the most sensitive measure of lower respiratory infection (BAL). 98 

Computed Tomography (CT) scan results were used more widely, however not in 

younger age groups where they are very sensitive markers of lung disease severity. 

99 100  

While over 100 individual genes have been investigated as potential gene modifiers, 

the majority of genes (76) have only been investigated in a single study. In order for 

any genotype-phenotype relationship to be thoroughly established, replication is 

key.17 However, for 48 genes where a relationship was identified there has as yet 

been no attempt at replication. This is more relevant for genes identified in 

candidate gene studies than for those identified in GWAS, as the GWAS meta-

analysis including over 6000 patients used statistical tests of heterogeneity to 

replicate the findings in the subpopulations of patients included in the meta-analysis. 

A relative limitation of evidence generated by studies investigating gene modifiers of 

CF is the limited clinical impact. The primary aim of gene modifier studies has been 

to identify therapeutic targets. Gene modifier studies in CF have identified some 

therapeutic targets.101 To date no clinical interventions have resulted, however, early 

trials are underway which will hopefully result in efficacious new treatments.101 

Another potential application of identifying gene modifiers, that has not been the 

primary aim, but perhaps represents a missed opportunity, is using them to stratify 

patients into different risk categories (i.e mild lung disease, severe lung disease). 
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t These risk categories could in turn influence clinical management. Using gene 

modifier genes to stratify patient risk and inform clinical management is well 

established in oncology and has led to improved outcomes.102 To our knowledge, no 

CF centres use modifier genes to stratify patients and modify treatment. Utilising 

modifier genes in risk stratification would be a step towards a more personalised 

approach to treatment. Identification of gene modifiers which influence magnitude 

of response to treatments would also represent a potential clinical application. The 

discovery that SLC26A9 modified the magnitude of response to ivacaftor is an 

example of this.91 This has subsequently been replicated in a further recent study.103 

Much more comprehensive validation is needed however before this discovery could 

be used in routine clinical practice. As more treatments are developed that 

ameliorate the basic CFTR defect, permitting multiple treatment options for patients 

with the same genotype, being able to predict which treatment will be of most 

benefit to the individual patient will be crucial and gene modifiers may be of use 

when determining this. 

The strength of this systematic review is the broad search strategy and methodology 

which followed best practice guidelines.104 The authors feel that compared to the 

multiple expert reviews in the area, this present an unbiased and comprehensive 

review of the published literature. A limitation of the systematic review is the 

exclusion of animal studies and studies which purely examine in vitro gene 

expression (with no correlation to clinical outcomes). These studies interrogate 

potential mechanisms by which gene modifiers exert an effect and hence are very 

important, however given the already large size of the body of evidence to be 
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that the broad search strategy has led to the inclusion of a large number of articles, 

which means that each individual article is perhaps interrogated less than in the 

expert reviews which have less included articles.  

Studies investigating gene modifiers continue to be published105,106 and moving 

forward, in order to aid robust discovery of genetic modifiers of disease, it would be 

ideal if future studies utilised gold standard measures of lung disease severity. In 

adult patients that might be universal use of KNORMA, and in children that could be 

a combination of CT, BAL and LCI. Whilst such testing may seem invasive, they are 

already being conducted regularly in cohorts such as AREST CF107 and the Toronto 

Sick Kids CF Cohort.108 Using insensitive measures of lung disease may result in 

inaccurate assessment of the contribution of gene-modifiers to lung disease severity. 

Moving forward, a challenge in phenotyping lung disease severity will be accounting 

for the effect of CFTR modulating therapies, given differences in lung disease 

severity may be related to eligibility and access to these therapies rather than true 

differences in lung disease severity. The magnitude of response to these treatments 

may represent an important phenotype worthy of further studies, as already 

highlighted in the studies examining response to ivacaftor.91,103 Any significant 

findings should then be replicated in separate cohorts using similar end points. For 

future work examining DNA methylation and gene expression, it will be important 

that initial gene discovery is based on samples from biologically relevant tissue (BAL, 

nasal epithelial cells) with subsequent replication in more easily obtained samples 

such as blood. 81 Once genetic modifiers have been validated, the next step will be to 
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t assess whether they can be used in clinical management of patients, with those 

associated with increased risk of more severe disease facilitating more aggressive 

intervention, and those associated with mild disease opportuning a reduced 

treatment burden. In this way, genetic modifiers of CF lung disease could inform 

more personalised and precise care for patients with CF.  
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t Table 1. Benefits of accurate prediction of lung disease severity in CF 

Group Benefits of Identifying Risk 

of Significant Disease  

Benefits of Identifying Mild 

Disease 

Patient/Family - Better understanding of 

likely disease course 

- Understand necessity of 

burden of care 

- Better informed decisions 

about family planning 

- Reduced burden of care 

with resultant improved 

quality of life 

- Reduced exposure to 

iatrogenic risks 

- Better informed decisions 

about family planning 

CF Health Care 

Team 

- Inform implementation of 

earlier/more aggressive 

treatments 

- Increased monitoring/ 

surveillance 

- Reduced burden of care 

- Less frequent monitoring, 

thus improving patient quality 

of life and allowing CF team 

to concentrate resources 

elsewhere 

Health Authorities - Allocate resources (new 

treatments, more carers) to 

patients most likely to 

- Avoid allocation of 

resources to patient whose 

disease trajectory is unlikely 
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t benefit to be altered 

Researchers - Identify patients most likely 

to benefit from new 

interventions 

- Potentially identify new 

therapeutic targets 

- Explanation of 

heterogeneous response to 

new treatments 

- Potentially identify new 

therapeutic targets 

- Explanation of 

heterogeneous response to 

new treatments 

 

Table 2. Inclusion/Exclusion Criteria 

Inclusion Exclusion 

• Human Studies 

• Patients with Cystic Fibrosis 

• Non CFTR Gene structure, 

expression, or regulation studied 

• Measure of lung disease severity as 

outcome (lung function, lung 

structure, microbiology, composite 

• Animal Studies 

• Patients with other medical 

conditions 

• Studies involving CFTR gene only 

• No measure of lung disease severity 

• Review Article 
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• Original data  

 

Table 3. Summary of Investigated Genes by Result 

Hypothesised 

Mechanism 

No Effect Conflicting 
Results 

Effect shown with 
no attempt at 
replication 

Multiple 
Studies 
showing 
effect with no 
conflicting 
result 

Alternate Ion 
Channel 

 

CLC-2, 
SCNN1A, 
NEDD4L 

SCNN1γ, 
SCNN1ß, 
SLC26A9  

  

Located within loci 
identified via 
Genome Wide 
Search 

 

   ATF1, DUOX2, 
YY1, AGTR2, 
CAV2, LPAR6, 
SLC9A3R2, TMC6, 
APIP, EHF, EZR 

SLC9A3, 
HLA-CLASS 
II, DCTN4, 
SLC6A14  

Bronchoconstriction 

 

  ADRB2,   EDNRA 

CFTR Interaction 

 

AnxA5, 
PPP2R5E, 
AHSA1, CALR, 
KRT18, PRSS8, 
ABCC2-5, 

 ABCC1,  PPP2R1A, 
PPP2R4, STX1A, 
SNAP23, KRT8, 
KRT19 

 

CFTR Vicinity or 
Haplotype 

 

D7S495, 
D7S525, 
D7S514, XV2C, 
Tub20, MetH, 
kM.19, J3.11 

 MP6d9 LEP1, LEP2,   
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t Infection 
Susceptibility 

 

MASP-2, ABO, 
CHIT1, DEFß4, 
FUT2, FUT3, 
Haptoglobin, 
MASP-1, T2R38 

 DEFß1, 
CD14, CFß 

C3, CXCR1, 
CXCR2, FAS, 
FCN1, FCN2, 
MASP-3, CHIT3-
Like 1 

CEACAM, 
HFE, 
HMOX1,  

Infection 
Susceptibility and 
Inflammatory 
Response; 

 

LBP, TLR3, 
TLR6, TLR7, 
TLR8, TLR9, 
TLR10, IL-1A, 
IL-1R1, TLR4  

 MBL, TLR5, 
IL-1ß, IL-1RN  

TLR1, TLR2  

Nitric Oxide 

 

  NOS-1, NOS-
3 

  

Inflammatory 
Response 

 

IFNγ, IL-6, 
STAT3, 
TAX1BP1,  

 TNF α, α-1-
antitrypsin, 
ACE, IL-10, 
IFRD1, IL-8, 
COX2, LT-
alpha, AGER-
429, HSP70-
2G,  

SFTPA1, SFTPA2, 
A20, ADRA2A, α-1-
antichymotrypsin, 
COX1, 
Glucocorticoid 
Receptor, HLA-
DQB1, HLA-DRB1, 
IFNγR1, MPO, 
Neutrophil FCγa 
IIA, TNFRSF1A, 
MC3R,  

TGFß1, MIF 

Mucin 

 

MUC2, MUC7   MUC5AC, MUC1, 
MUC4, MUC20 

 

Oxidative Lung 
Injury 

  GSTM1, 
GSTP1, 
GSTT1,  

mEPHX GCLC, 
GSTM3,  
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PRISMA Flowchart for Study Selection 
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