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Introduction
Cystic !brosis is a progressive, monogenetic life-

threatening lung disease that a"ects about 35,000 peo-
ple in the United States and 70,000 worldwide. Cystic 
!brosis is considered an orphan and a rare disease 
(de!ned as a disease in which the number of patients 
a"ected is less than 200,000). Life expectancy has im-
proved from !ve years in the 1950s to 50 years cur-
rently. #e mortality rate for cystic !brosis patients is 
about four percent. Cystic !brosis causes severe dam-
age to the lungs, and there is no cure. #is research 
will concentrate solely on cystic !brosis caused by gat-
ing mutation.

#e condition is caused by a dysfunction, or a 
missing protein called Cystic Fibrosis Transmem-
brane Conductance Regulator (CFTR). CFTR protein 
regulates the salt and water balance at the surface of 
lung cells. When there is a malfunction in the saltwa-
ter balance, the lungs get infected (Pittman & Ferkol, 

2015). CFTR exists at the epithelial cell surface, where 
it facilitates chloride transport across the membrane 
to maintain salt and pH balance in multiple organs. 
CFTR mutations disrupt Chloride transport causing 
an accumulation of sticky mucus in the lungs. (Yu et 
al., 2012) #ere are over 1800 di"erent CFTR muta-
tions; one among them is gating mutation. Gating re-
fers to the opening and size of the gates or pores on the 
CFTR protein surface for salt and water movement. 

Literature Review
!e Present State of Cystic Fibrosis and 
CFTR Modulators

CFTR modulators have various modes of action, 
di"erent from those of other therapies. One of the 
variations is that it restores and improves the defec-
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tive CFTR protein’s functioning. #e latter is mostly 
useful to individuals who have CFTR mutations. 
CFTR modulators that are highly e"ective can pro-
vide many transformational bene!ts by facilitating 
improvements along with several signi!cant end-
points in clinical care and trials (Clancy, et.al, 2019). 
An essential objective of the cystic !brosis care and 
research community is to provide CFTR-based thera-
pies to any individual diagnosed with cystic !brosis. 
In this case, the modulators can be termed as tiny 
molecules whose goal is to improve “mutant CFTR 
proteins” by using various approaches. One approach 
is potentiators that promote the advancement of gat-
ing CFTR variants. #ey raise the probability of hav-
ing an open channel for the gating of the mentioned 
variants (Strub & Mccray, 2020). Another approach is 
correctors, which augment the tra%cking of the pro-
cessing variants for CFTR to the plasma membrane. 
Readthrough agents suppress premature termina-
tion codons (PTCs) and produce readthrough that 
is transnational through the ribosomes. Ampli!ers 
are another approach, which increases the level of 
variant CFTR available for successive modulation by 
small molecules that are protein active. Potentiators 
and correctors are two categories of modulators that 
have gained approval as treatments for cystic !brosis 
brought about by discrete CFTR variants. #e various 
mentioned approaches are used by recent clinical tri-
als in examining the CFTR modulators.

Gating Processes and Mutations

Similarly, in some cases, gating mutation leads to 
defective channel gating. Gating mutations represent 
about ten percent of all CFTR mutations. #e gating 
mutations are G551D, which represents about !ve 
percent of all CFTR mutations, and ninety percent 
of all gating mutations, and non-G551D mutations 
(G178R, S549N, S549R, G551S, G970R, G1244E, 
S1251N, S1255P, and G1349D), which represent ten 
percent of all gating mutations. #ere are approxi-
mately one hundred and !$y people with non-G551D 
gating mutations in the United States of America. 
(Yu et al., 2012). Since discovery of the disease in the 
1940s, cystic !brosis treatment and drug develop-
ment were mainly based on the symptoms. #e drug 
development for cystic !brosis moved from treating 
the symptoms and secondary infections to primary 

prevention of chronic lung disease. Since discovery 
of the gene and signi!cant advances in knowledge at 
the molecular level, it has become possible to develop 
proper drugs. It was well established that CFTR gene 
mutation caused cystic !brosis (Mayer-Hamblett et 
al., 2007). In the early part of the 2000s, A biopharma-
ceutical company called Vertex Pharmaceutical start-
ed developing a treatment that speci!cally targeted 
the CFTR gene mutation, explicitly gating mutations. 

Vertex Pharma developed oral molecules to in-
crease mutated CFTR gene gating activity using high-
throughput screens, resulting in many pre-clinical 
hits in in vitro screening assays. (McPhail & Clancy, 
2013) #e name of the drug molecule developed by 
Vertex Pharma was VX-770 (Ivaca$or). Ivaca$or was 
considered a CFTR potentiator since it enhanced salt 
and water movement through the defective gates/
channels. Vertex Pharma conducted various in vitro 
studies, Biopharmaceutics studies, animal toxicity 
studies, Drug-drug interaction studies, Pharmacoki-
netics studies, and placebo-controlled, randomized 
safety and e%cacy clinical trial studies. Ivaca$or is an 
oral 150 mg oral tablet taken twice daily. #e compa-
ny, Vertex Pharmaceuticals, conducted in vitro analy-
sis for both gating mutations G551D and non-G551D.

However, they ran the e%cacy and safety trial for 
only G551D gating mutations. Vertex Pharma ran two 
placebo-controlled randomized trials STRIVE and 
ENVISION, for cystic !brosis patients with G551D 
gating mutation. #e results were statistically signi!-
cant, meeting the primary endpoint.  In the Vertex 
trials, the FEV1 was improved by more than ten per-
cent, which was statistically signi!cant and clinically 
meaningful. In February 2012, #e Food and Drug 
Administration (FDA) approved Ivaca$or for patients 
with G551D gating mutation. Vertex Pharma con-
ducted another small cross safety and e%cacy clinical 
trial named KONNECTION (39 patients) for cystic 
!brosis patients with non-G551D gating mutations. 
#e test met the primary endpoints, and subsequent-
ly, FDA approved Ivaca$or for non-G551D gating 
mutations (G178R, S549N, S549R, G551S, G970R, 
G1244E, S1251N, S1255P, and G1349D) in 2014 
(Discussion 2015). A$er Ivaca$or’s approval for cys-
tic !brosis with gating mutations, it was evident that 
the drug improved the outcomes and hospitalization 
rates. Ivaca$or was signi!cant for multiple gating mu-
tations (Robison, 2012). It was not a surprise that the 
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ivaca$or uptake was rapid, and 80% of the eligible pa-
tients were on the drug within the !rst twelve months 
a$er FDA approval in 2012. 

Furthermore, a study conducted on 143 patients on 
the drug ivaca$or showed a 55% decrease in general 
hospital admission and an 81% decrease in cystic !-
brosis-related hospital admission. A reduction in hos-
pitalization rates leads to an increase in quality of life. 
(Feng et al., 2018). Ivaca$or has proven in clinical tri-
als that it works for all gating mutations (G551D and 
non-G551D). Ivaca$or has demonstrated in in vitro 
studies that it works in all gating mutations. #e pri-
mary function of Ivaca$or is to increase the opening 
of the CFTR channel or gate. Research by (Eckford et 
al., 2015) found that CFTR potentiator Ivaca$or opens 
the defective channels/gate of mutant CFTR, agreeing 
with the !ndings by (Goor et al., 2009) that showed 
Ivaca$or increased the probability of an open CFTR 
channel. According to (Elborn 2011), research has 
shown in in vitro studies that gating mutations simi-
larly respond to Ivaca$or to G551D. Also, J Elborn 
notes that there are too few patients with these muta-
tions (non-G551D gating) to allow conventional clini-
cal trials. According to the FDA reviewer (Ivaca$or 
approval for G-551D modi!cation), the in vitro results 
appear to be consistent with classifying ivaca$or as a 
potentiator of the CFTR protein (Robison, 2012). Be-
fore conducting the placebo-controlled randomized 
clinical trials for clinical trials, Vertex pharmaceutical 
conducted a detailed in vitro study of Ivaca$or’s po-
tential for CFTR gating mutations. Mutant CFTR was 
obtained from Fischer Rat #yroid (FRT) cells.

Also, single-channel patch-clamp technology was 
employed to measure the channel open probability 
of CFTR directly. #e results showed that the chlo-
ride transport and channel/gate open probability in-
creased in both gating mutations a$er administering 
Ivaca$or. (Both G551D and non-G551D). (Yu et al., 
2012) #e data suggested that the mechanism of ac-
tion increases chloride ion transport by increasing 
the CFTR channel/gate’s open probability (Welsh & 
Smith,1993). #e studies show that Ivaca$or increases 
the available probability in CFTR “gating defect” mu-
tant channels (G551D, S549N, S549R, S1251N) (Robi-
son, 2012). #ree results from the actual randomized 
placebo-controlled clinical trial for G551D gating mu-
tation (STRIVE and ENVISION studies) correlated to 
the in vitro results in terms of gate/channel opening. 

#e increase in chloride transport and gate/channel 
opening demonstrated in in vitro studies resulted in 
improvement in FEV1 of the patients in clinical trials.

Similarly, in the clinical trials conducted for non-
G551D gating mutation (KONNECTION study), the 
FEV1 improved correlating to in vitro studies. (Yu et 
al., 2012) #e improved chloride transport and gate/
channel opening link to improvement in FEV1 based 
on clinical trials. However, a second clinical trial 
needed to be conducted, and two and half years were 
spent to get the approval. 

Gap in Research

#e FDA approved Ivaca$or for a G551D gating 
mutation in February 2012. #e FDA approved Iva-
ca$or for non-G551D (G178R, S549N, S549R, G551S, 
G970R, G1244E, S1251N, S1255P, and G1349D) gat-
ing mutation in February 2014. #e in vitro data in 
2009 showed that Ivaca$or worked similarly for all 
gating mutations (G551D and non-G551D). Ivaca$or 
in vitro data for gating mutations directly correlated 
to the improvement of FEV1 in the clinical trial. #e 
number of patients for non-G551D gating mutations 
is meager (about one hundred and !$y patients and 
represents one half percent of all cystic !brosis pa-
tients) and di%cult to recruit. #e literature states that 
in vitro study is an excellent predictor of clinical trial 
outcomes for CFTR gating mutations in cystic !bro-
sis patients. According to Professor Elborn (2011) of 
Queens University, U.K., “#ere are too few patients 
in the world with these mutations to allow the con-
ventional clinical trials to be conducted” (p. 4). Cystic 
!brosis is a dreaded disease with no cure, and Iva-
ca$or has proved to reduce hospitalization and im-
prove life quality based on studies. 

Additionally, the FDA has approved drugs for rare 
diseases based on smaller clinical trials, in vitro data, 
and animal clinical studies (Clancy et al., 2019). By 
!rst approval in February 2012, Ivaca$or had already 
proved safety and e%cacy in clinical, in vitro, and ani-
mal studies for gating mutations. Essential factors for 
earlier approvals are e%cacy and safety of the drug, 
clear disease cause (gating mutations), clearly known 
disease pathology, no available alternative therapy, the 
precise mechanism of action (Ivaca$or), the severity 
of the disease, and rarity of the disease. #e gap leads 
to the speci!c research question: ‘How could the in-
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clusion of non-G551D gating mutations in the 2012 
drug approval for Ivaca$or by Vertex Pharma have 
increased patient quality of life before the subsequent 
approval for non - G551D gating mutations?’

Purpose and Hypothesis
#e purpose of this research is to explore whether 

the results from in vitro data and studies based on 
gating mutations can be used for drug approval for 
rare disease treatments, hence improving the patient’s 
quality of life with earlier drug availability. #us, the 
hypothesis is that “If the cystic !brosis patients with 
non-G551D mutations had been given Ivaca$or in 
2012, then their quality of life would have improved 
with the earlier approval.”

Methodology
#e research goal was to analyze and demonstrate 

how the inclusion of non-G551D gating mutations in 
Ivaca$or’s initial drug approval would have increased 
patients’ quality of life.  A meta-analysis was warrant-
ed to show the improvement in cystic !brosis disease 
characteristics across studies and to obtain a precise 
estimate of the e"ect of treatment. #e meta-analysis 
was performed under the guidelines outlined by the 
Preferred Reporting Items for Systematic Reviews 
and Meta-analysis (PRISMA) statement (Liberati et 
al., 2009). Various studies have shown disease char-
acteristic improvements, but a systematic review was 
conducted to conclude a de!nitive trend. #e data was 

also analyzed to measure improvements demonstrat-
ed in patients using Ivaca$or, thereby showing how 
those improvements could have helped the subset of 
non-G551D cystic !brosis patients who had to wait 
two extra years for approval.

Study Selection

A comprehensive search was performed to !nd rel-
evant studies and data sources. Sources implemented 
in the data search were extracted from databases se-
lected by credibility and related sources. All published 
sources considered for implementation in the study 
were peer reviewed and taken from PubMed, British 
Medical Journal, Elsevier, U.S. cystic !brosis data reg-
istry, U.K. cystic !brosis data registry, and ScienceDi-
rect databases. In each database, an advanced search 
was employed based on keywords such as, ‘G551D 
and non-G551D gating mutations’, ‘Ivaca$or pre-clin-
ical studies,’ ‘Ivaca$or and Cystic Fibrosis,’ ‘Ivaca$or 
e"ects on cystic !brosis patients,’ ‘Ivaca$or and hos-
pitalization’ and ‘Disease progression in cystic !brosis 
patients.’ Speci!c studies that showed a numerical im-
provement in disease characteristics and bacterial in-
fections were selected. &A quality assessment was done 
using Grading of Recommendations, Assessment, 
Development, and Evaluation, or GRADE (Guyatt et 
al., 2008). #e studies were assessed based on the type 
of evidence (such as a randomized trial, observational 
study, or any other evidence), study quality, inconsis-
tency, sparse data, strong evidence of association, very 
strong evidence association, and evidence of dose-
response. #e GRADE system has four levels based 
on the quality of evidence: high, moderate, low, and 
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very low. Studies with low population, lack of numeri-
cal disease characteristics, or bacterial infection data 
were excluded from the meta-analysis. #e phases of 
the systematic review process are documented using 
the PRISMA 'ow chart in Appendix A. 

Data Extraction and Statistical Analysis

Meta-analysis was used to analyze data to mea-
sure improvements shown in patients using Ivaca$or, 
thereby showing how those improvements could have 
helped the subset of non-G551D cystic !brosis pa-
tients who had to wait two extra years for approval. 
#e patient data for Ivaca$or and comparator was col-
lected from cystic !brosis registries and other studies, 
including disease characteristics and bacterial infec-
tions, and extrapolated to the patient set with non-
G551D gating mutations. STATA was used to perform 
all statistical analysis. 

#e data was initially tabulated and represented us-
ing descriptive statistics. An exploratory analysis was 
conducted to describe the characteristics of the popu-
lation included in this meta-analysis. #e incidence 
of each postoperative outcome (i.e., Quality of Life 
[QoL] items) was extracted as a dichotomous variable 
(present or absent) and compared using Odds Ratios 
(OR) with their respective 95% con!dence intervals 
(CI). Forest plots were used to illustrate the estima-
tions and overall e"ect sizes with pooled Odds Ratio 
(OR) represented as a solid diamond at the bottom 
of the forest plot. Predetermined subgroup analyses 
were performed based upon bacterial infections or 
type of outcome. Heterogeneity (I2) was assessed by 
with the correspondent chi-squared test (I2  < 50% and 
I2  > 50% were considered insigni!cant and signi!cant 
heterogeneity, respectively). #e meta-analysis of the 
binomial data was performed using a random-e"ects 
model and the DerSimonian & Laird method (DerSi-
monian & Laird, 2015). 

Bias in the meta-analysis was tested by calculating 
publication bias and running funnel plots using Egger’s 
test (Egger et al., 1997). Funnel plots were constructed 
to represent any tendency for publishing in favor of the 
positive e"ect. Signi!cant publication bias was consid-
ered when there was an asymmetry in the plot, and a 
statistically signi!cant bias coe%cient was noted ac-
cording to Egger’s test. P values < 0.05 were considered 
statistically signi!cant in all statistical analyses. 

#e data analysis resulted in measurements of 
Quality of Life (QOL) improvements such as percent-
age reduction in hospitalization, the percentage re-
duction in hospital visits, improvement in mortality 
rate, improvement in lung function, disease progres-
sion, organ transplants, and pulmonary exacerbation 
for non-G551D patients had they been administered 
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Ivaca$or along with G551D patients. #e data analy-
sis shows how the patient’s Quality of Life (QOL) 
would have improved if they started using Ivaca$or 
with initial approval for all gating mutations. 

Justi#cation and Limitations of 
Methodology 

Meta-analysis is conducted to assess the strength 
of evidence present on disease and treatment to obtain 
D�VLQJOH�VXPPDU\�HVWLPDWH�RI�WKH�H൵HFW��,W�LV�D�TXDQ-
titative, systematic assessment of previous research 
studies to derive conclusions about that body of re-
search (Haidich, 2010). Statistical analysis shows the 
various measurement and trends for patient Qual-
ity of Life improvement and is useful to ensure that 
the interpretations are correct. According to the re-
search by Vendrusculo et al. (2018),  a meta-analysis 
RQ� EHQH¿WV� DQG� ULVNV� RI� DQWLELRWLF� WKHUDS\� LQ� F\VWLF�
¿EURVLV� SDWLHQWV�ZDV� FRQGXFWHG�� DQG� WKH� VWXG\� XVHG�
UK Cochrane Centre for optimal recall of Random-
ized Controlled Trials (RCT) for search strategy. RCT 
was rated based on a quality index. Five parameters 
were used to rate, namely, an adequate description of 
patient groups, an adequate description of the inter-
vention, adequate assessment of outcomes by clinical 
assessment, outcome assessments, and an adequate 
GHVFULSWLRQ�RI�H൵HFWV�RI� WKH� LQWHUYHQWLRQ��)RU� VWDWLV-
tical analysis, dichotomous and continuous outcome 
measures were used. Additionally, according to the 
research done by Florescu et al. (2009), an electronic 
patients’ record was used to collect clinical data. The 

VWXG\�ZDV�FRQGXFWHG�DW�D�VLQJOH�SHGLDWULF�F\VWLF�¿EUR-
sis center in Paris. It was important to know the patient 
characteristics before the treatment was started, and 
hence the patient data collection was started before 
the azithromycin treatment was started. Then the data 
was collected every twelve months until discontinua-
tion. Characteristics such as Body Mass Index (BMI), 
Forced Expiratory Volume in one second (FEV1), the 
annual rate of acute respiratory exacerbations, arte-
rial blood gas, microbiological analysis, and pulmo-
nary function tests were recorded. Statistical analysis 
was conducted using multiple imputations for miss-
ing pulmonary function data. These published papers 
were successful in deriving a conclusion, and their 
methodology is similar to the methodology of this 
research. Essentially, these outside research papers 
make use of the meta-analysis method, using similar 
components to  the methodology of this research.

In 2012, there was not much awareness about gene-
OHYHO� WUHDWPHQW� IRU� F\VWLF�¿EURVLV�SDWLHQWV�� ,YDFDIWRU�
ZDV�WKH�¿UVW�GUXJ�WR�EH�DSSURYHG�DV�D�WDUJHWHG�WUHDW-
ment for this rare disease’s gating mutation. There is 
enough material to concur that Ivacaftor works for all 
gating mutations and would have improved the life of 
F\VWLF�¿EURVLV�SDWLHQWV�ZLWK�QRQ�*���'�JDWLQJ�PXWD-
tion earlier if ivacaftor had been approved initially for 
all gating mutations. 

Results
Included Studies

A$er using the GRADE system (Guyatt et al., 
2008) to evaluate studies, seven studies were used for 
meta-analysis. #is includes 21 sets of data from all 
the studies containing disease characteristics and bac-
terial infection data (Quality of Life data). #e goal 
here is to use the data collected from these studies and 
extrapolate it to a 150 patient population comprising 
non-G551D gating mutation. #e data was divided 
into ten di"erent groups for disease characteristics 
and eleven groups for bacterial infections. 
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Forest plot based on diseases characteristics

Figure 1
Forest plot for non-G551D Quality-of-Life outcomes 

comparing Ivaca!or vs. control

#e forest plot for Quality-of-Life outcomes com-
paring Ivaca$or vs. control (Figure 1) favors ivaca$or 
in the overall summary of all disease characteristics. 
It shows a signi!cant reduction in hospitalizations 
(OR 0.42, 95% CI 0.31-0.57), Pulmonary exacerba-
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tions (PEX) (OR 0.44, 95% CI 0.32-0.61), CFRD (OR 
0.65, 95% CI 0.42-1.00), and depression (OR 0.51, 
95% CI 0.27-0.97). #e rest of the outcomes were not 
signi!cantly improved, as shown in the graph (dia-
monds crossing the unit line). #e overall summary 
measure of complications was also reduced signi!-
cantly (OR 0.57, 95% CI 0.5-0.66). As desired, these 
results did not have statistically signi!cant heteroge-
neity (I2=6.0%). Hospitalization is a critical criterion 
when it comes to treatment e"ect and quality of life 
improvement. Each disease characteristic shows in 
favor of using Ivaca$or.  #ese results show that the 
cystic !brosis patients with non-G551D gating muta-
tion would have a favorable improvement in quality of 
life with ivaca$or. 

Publication bias for QOL

Figure 2
Publication bias analysis for QOL

In Egger’s plot for publication bias analysis for 
QOL (Figure 2), each point represents a dataset for 
QOL outcomes. #e regression line follows the di-
rection of the points, and there are no outliers in this 
graph, which suggests no evidence of publication bias. 
#is was subsequently demonstrated by calculating 
the bias coe%cient (coe%cient 0.9, P = 0.65), which 
was non-signi!cant. 
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Forest plot based on Bacterial Infections 

Figure 3
Forest plot for non-G551D bacterial infections out-

comes comparing Ivaca!or vs. control

#e forest plot for bacterial infections outcomes 
comparing Ivaca$or vs. control (Figure 3) shows a 
signi!cant reduction in infections due to Aspergil-
lus (OR 0.43, 95% CI 0.27-0.70), Mycobacterium (OR 
0.65, 95% CI 0.44-0.97), and Pseudomonas aerugi-
nosa (OR 0.56, 95% CI 0.41-0.76). #e rest of the out-
comes were not signi!cantly improved, as shown in 
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the graph (diamonds crossing the unit line). #e over-
all summary measure of infectious complications was 
reduced signi!cantly (OR 0.65, 95% CI 0.56-0.77). 
As desired, these results did not have statistically sig-
ni!cant heterogeneity (I2). Even though the outcomes 
were not statistically signi!cant, with P value greater 
than 0.05, but it was clinically meaningful. #e major-
ity of bacterial infections outcomes show in favor of 
using Ivaca$or for cystic !brosis patients with non-
G551D gating mutations. 

Publication bias for bacterial infections

Figure 4
Publication bias analysis for bacterial infections.

In Egger’s plot for publication bias analysis for bac-
terial infections (Figure 4), each point represents a da-
taset for each bacterial microorganism. #e regression 
line follows the direction of the points, and there are 
no outliers in this graph, which suggests no evidence 
of publication bias. #is was subsequently demon-
strated by calculating the bias coe%cient (coe%cient 
0.7, P=0.46), which was non-signi!cant. 
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Summary of Quality of Life 
(QOL) measurements 

Figure 5
Non-G551D disease characteristics and bacterial in-

fections improvement

Ivaca$or is favored in almost all disease charac-
teristics and bacterial infections. Had Ivaca$or been 
approved for non-G551D cystic !brosis patients in 
the year 2012 along with G551D patients based on in 
vitro study data, the mortality rate would be reduced 
by two patients, and the hospitalization rate would be 
reduced by about 50%. Data analysis of lung-related 
infections, Pex, and Pseudomonas aeruginosa shows 
substantial improvements with use of ivaca$or. Other 
important quality of life related characteristics such as 
cystic !brosis-related diabetes (CFRD), depression, 
and bone/joint pain also show substantial improve-
ment with the use of Ivaca$or. All bacterial infections 

show an improvement with the use of Ivaca$or with 
the exception of In'uenza infection, which is consid-
ered non-life threatening.  
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Discussion
#e results from the data analysis clearly indicate 

that the quality of life of cystic !brosis patients with 
non-G551D would have improved on both disease 
characteristics and bacterial infections with the use 
of ivaca$or. Ivaca$or’s use dramatically improved 
most of the disease characteristics and bacterial infec-
tions, and in turn, quality of life. Some of the other re-
search concurs with the !ndings of this research. For 
example, Salvatore et al. show how Ivaca$or helped 
reduce Pex and other characteristics in severe cystic 
!brosis patients with non-G551D gating mutations. 
#e study also showed improvement in sweat chlo-
ride and FEV1 data, clearly indicating that Ivaca$or 
signi!cantly a"ects cystic !brosis patients. #is study 
also found that Ivaca$or improved weight and BMI, 
which can be considered as a quality-of-life improve-
ment. Additionally, as explained by De Boeck et al., 
the KONNECTION study showed lung function im-
provement between placebo and Ivaca$or with statis-
tical signi!cance. #e serious adverse events, which 
are considered life-threatening, were reduced by 45% 
in the group using Ivaca$or.  

#e initial hypothesis was, “If the cystic !brosis 
patients with non-G551D mutations had been given 
Ivaca$or in 2012, then their quality of life would have 
improved with the earlier approval.” #e literature 
also showed that Ivaca$or was equally e"ective in vi-
tro for all gating mutations. #is hypothesis led to our 
research question. #e results show that Ivaca$or is 
favored in almost all disease characteristics and bacte-
rial infections. #us, had Ivaca$or been approved for 
non-G551D cystic !brosis patients and G551D pa-
tients based on in-vitro study data, the patient quality 
of life would have improved with clinical signi!cance. 
#e clinical trials later conducted a%rmed that Iva-
ca$or works similarly for all gating mutations. #e 
results a%rm the initial hypothesis. 

#ere are some limitations to the !ndings of this 
research. #e research is comparing outcomes based 
on di"erent mutations. #e registry data was com-
pared with and without the use of Ivaca$or rather 
than with and against placebo. Even though it is a rea-
sonable assumption that all cystic !brosis patients are 
under treatment, there is a possibility that the disease 
characteristics might vary to a larger degree among 
mutations. Furthermore, previous studies have shown 

that the genotype and phenotype of di"erent muta-
tions have similar characteristics. In the end, each case 
must be weighed based on the available data. 

Conclusion and Future Directions
Cystic !brosis is a rare disease without a cure. #e 

patient population is meager. As we have seen from 
the literature, !nding a cure or treating rare illnesses 
is exceedingly di%cult. When a drug shows moder-
ate e%cacy and a decent safety pro!le during an ear-
lier phase of a clinical trial in a rare disease such as 
cystic !brosis, earlier approval for similar mutations 
may be desirable. #e later clinical trial results, which 
took over two years to complete proved that Ivaca$or 
worked similarly for all gating mutations. As we have 
seen lately, there is a drive for accelerated approval of 
drugs for rare diseases based on early data. Accelerat-
ed approvals have become more common for treating 
rare diseases with a con!rmatory trial requirement 
a$er the drug approval based on satisfactory early 
data. #ere have been instances where a drug was 
approved for a rare disease based on an exceedingly 
small clinical trial, but later con!rmatory trials failed. 
It is a delicate job of risk versus reward. Drug devel-
opment should include quality of life improvement as 
one of the criteria. We have a similar situation where 
a phase two clinical trial for cystic !brosis nonsense 
mutation, G542X, represents 37% of all cystic !brosis 
non-sense mutations conducted by Eloxx pharmaceu-
ticals. Currently, there is no treatment for nonsense 
mutations, of which there are about 73.&  It would be 
practically impossible to recruit patients for every one 
of 73 mutations. Given this is a rare disease, it is hard 
to !nd patients to conduct clinical trials. #e implica-
tions could extend to the drug being approved for all 
nonsense mutation classes, based on the results and 
data from in vitro studies, where it shows that the drug 
works for all nonsense mutations (G542X, W1282X, 
R553X, R1162X, E60X, etc.).  #e earlier approval 
would result in improved patient quality of life. & 

Some of the critical factors for early drug approvals 
in pediatric rare disease settings are promising early 
data and a strong parents advocacy group. Since there 
are no cures for these rare diseases, the approval au-
thorities should evaluate the drugs based on early data 
and supporting in vitro data. #e current health care 
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insurance system does not allow unapproved drugs to 
be covered by insurance. #ere are drugs with some 
e%cacy that never made it to the treatment regime be-
cause of various factors such as not showing statisti-
cally signi!cant results (even though clinically mean-
ingful), safety issues, or incomplete data. #e patient 
advocacy group should be involved with approving 
authorities to facilitate proper resolution. Letting pa-
tients decide to try a drug that may not meet all the 
approval requirements is another aspect to consider 
as a future direction. 

References
Bessonova, L., Volkova, N., Higgins, M., Bengtsson, L., 

Tian, S., Simard, C., . . . Bilton, D. (2018). Data from the 
U.S. and U.K. cystic !brosis registries support disease 
modi!cation by CFTR modulation with ivaca$or. 
"orax, 73(8), 731-740. http://dx.doi.org/10.1136/
thoraxjnl-2017-210394

Boeck, K. D., Munck, A., Walker, S., Faro, A., Hiatt, P., 
Gilmartin, G., & Higgins, M. (2014). E%cacy and safety 
of ivaca$or in patients with cystic !brosis and a non-
G551D gating mutation. Journal of Cystic Fibrosis, 13(6), 
674-680. https://doi.org/10.1016/j.jcf.2014.09.005

Clancy, J. P., Cotton, C. U., Donaldson, S. H., Solomon, 
G. M., VanDevanter, D. R., Boyle, M. P., ... & Sorscher, 
E. J. (2019). CFTR modulator theratyping: current 
status, gaps and future directions.&Journal of Cystic 
Fibrosis,&18(1), 22-34. https://doi.org/10.1016/j.
jcf.2018.05.004

DerSimonian, R., & Laird, N. (2015). Meta-analysis in 
clinical trials revisited. Contemporary Clinical Trials, 45, 
139–145. https://doi.org/10.1016/j.cct.2015.09.002 

Eckford, P. D. W., Li, C., Ramjeesingh, M., & Bear, C. E. 
(2012). Cystic Fibrosis Transmembrane Conductance 
Regulator (CFTR) Potentiator VX-770 (Ivaca$or) 
Opens the Defective Channel Gate of Mutant CFTR in 
a Phosphorylation-dependent but ATP-independent 
Manner. Journal of Biological Chemistry, 287(44), 
36639–36649. https://doi.org/10.1074/jbc.m112.393637

 Egger, M., Smith, G. D., Schneider, M., & Minder, C. 
(1997). Bias in meta-analysis detected by a simple, 
graphical test. BMJ, 315(7109), 629–634. https://doi.
org/10.1136/bmj.315.7109.629 

Elborn, J. S. (2011). Fixing cystic !brosis CFTR with correc-
tors and potentiators. O" to a good start. "orax, 67(1), 
4–5. https://doi.org/10.1136/thoraxjnl-2011-201197 

Feng, L. B., Grosse, S. D., Green, R. F., Fink, A. K., & 
Sawicki, G. S. (2018). Precision Medicine In Action: 
#e Impact Of Ivaca$or On Cystic Fibrosis–Related 
Hospitalizations. Health A#airs, 37(5), 773–779. https://
doi.org/10.1377/hltha".2017.1554

Florescu, D. F., Murphy, P. J., & Kalil, A. C. (2009). E"ects 
of prolonged use of azithromycin in patients with cystic 
!brosis: A meta-analysis. Pulmonary Pharmacology & 
"erapeutics, 22(6), 467–472. https://doi.org/10.1016/j.
pupt.2009.03.002 

Forsund, L. H., Grov, E. K., Helvik, A.-S., Juvet, L. K., 
Skovdahl, K., & Eriksen, S. (2018). #e experience of 
lived space in persons with dementia: a systematic meta-
synthesis. BMC Geriatrics, 18(1). https://doi.org/10.1186/
s12877-018-0728-0 

IVACAFTOR DRUG APPROVAL FOR CYSTIC FIBROSIS GATING MUTATIONS



205

Goor, F. V., Hadida, S., Grootenhuis, P. D. J., Burton, B., 
Cao, D., Neuberger, T., … Negulescu, P. (2009). Rescue of 
C.F. airway epithelial cell function in vitro by a CFTR po-
tentiator, VX-770. Proceedings of the National Academy of 
Sciences, 106(44), 18825–18830. https://doi.org/10.1073/
pnas.0904709106 

Guyatt, G. H., Oxman, A. D., Vist, G. E., Kunz, R., 
Falck-Ytter, Y., Alonso-Coello, P., & Schünemann, H. 
J. (2008). Grade: An emerging consensus on rating 
quality of evidence and strength of recommendations. 
BMJ, 336(7650), 924–926. https://doi.org/10.1136/
bmj.39489.470347.ad 

Higgins, M., Volkova, N., Moy, K., Marshall, B. C., & Bilton, 
D. (2020). Real-World Outcomes Among Patients 
with Cystic Fibrosis Treated with Ivaca$or: 2012–2016 
Experience. Pulmonary "erapy, 6(1), 141-149. https://
doi.org/10.1007/s41030-020-00115-8

Liberati, A., Altman, D. G., Tetzla", J., Mulrow, C., 
Gøtzsche, P. C., Ioannidis, J. P. A., Clarke, M., Devereaux, 
P. J., Kleijnen, J., & Moher, D. (2009). #e PRISMA state-
ment for reporting systematic reviews and meta-analyses 
of studies that evaluate health care interventions: expla-
nation and elaboration. Journal of Clinical Epidemiology, 
62(10). https://doi.org/10.1016/j.jclinepi.2009.06.006 

Mayer-Hamblett, N., Ramsey, B. W., & Kronmal, R. A. 
(2007). Advancing Outcome Measures for the New Era 
of Drug Development in Cystic Fibrosis. Proceedings of 
the American "oracic Society, 4(4), 370–377. https://doi.
org/10.1513/pats.200703-040br 

McPhail, G., & Clancy, J. (2013). Ivaca$or: #e !rst 
therapy acting on the primary cause of cystic !brosis. 
Drugs of Today, 49(4), 253. https://doi.org/10.1358/
dot.2013.49.4.1940984 

Pittman, J. E., & Ferkol, T. W. (2015). #e Evolution of 
Cystic Fibrosis Care. Chest, 148(2), 533–542. https://doi.
org/10.1378/chest.14-1997

Prüss-Ustün, A., Bonjour, S., & Corvalán, C. (2008). #e 
impact of the environment on health by country: a meta-
synthesis. Environmental health: a global access science 
source, 7, 7. https://doi.org/10.1186/1476-069X-7-7

Robison, T., (2012), Center for Drug Evaluation and 
Research: Pharmacology Reviews, Retrieved from 
https://www.accessdata.fda.gov/drugsatfda_docs/
nda/2012/203188Orig1s000PharmR.pdf

Salvatore, D., Carnovale, V., Iacotucci, P., Braggion, C., 
Castellani, C., Cimino, G., Colangelo, C., Francalanci, 
M., Leonetti, G., Lucidi, V., Manca, A., Vitullo, P., & 
Ferrara, N. (2019). E"ectiveness of ivaca$or in severe 
cystic !brosis patients and non-G551D gating mutations. 
Pediatric pulmonology, 54(9), 1398–1403. https://doi.
org/10.1002/ppul.24424

Strub, M. D., & Mccray, J. P. B. (2020). Transcriptomic and 
Proteostasis Networks of CFTR and the Development of 
Small Molecule Modulators for the Treatment of Cystic 
Fibrosis Lung Disease. Genes, 11(5), 546. https://doi.
org/10.3390/genes11050546

U.S. National Library of Medicine. (2015, July). Discussion. 
Ivaca$or (Kalydeco) 150 mg Tablet: For Treatment of 
Cystic Fibrosis with G551D, G1244E, G1349D, G178R, 
G551S, S1251N, S1255P, S549N, S549R, or G970R 
Mutation [Internet]. https://www.ncbi.nlm.nih.gov/
books/NBK349134/

Vendrusculo, F. M., Heinzmann-Filho, J. P., da Silva, J. S., 
Perez Ruiz, M., & Donadio, M. V. (2018). Peak Oxygen 
Uptake and Mortality in Cystic Fibrosis: Systematic 
Review and Meta-Analysis. Respiratory Care, 64(1), 
91–98. https://doi.org/10.4187/respcare.06185 

Welsh, M. J., & Smith, A. E. (1993). Molecular mecha-
nisms of CFTR chloride channel dysfunction in 
cystic !brosis. Cell, 73(7), 1251–1254. https://doi.
org/10.1016/0092-8674(93)90353-r 

Yu, H., Burton, B., Huang, C.-J., Worley, J., Cao, D., 
Johnson, J. P., … Goor, F. V. (2012). Ivaca$or potentia-
tion of multiple CFTR channels with gating mutations. 
Journal of Cystic Fibrosis, 11(3), 237–245. https://doi.
org/10.1016/j.jcf.2011.12.005

IVACAFTOR DRUG APPROVAL FOR CYSTIC FIBROSIS GATING MUTATIONS



206

Appendix A

PRISMA Flow Chart
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