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BY SAM NEFF

A MEDICAL MIRACLE
On October 21st, 2019, the FDA approved 

Vertex Pharmaceutical’s drug Trikafta, a 
landmark medicine for the treatment of cystic 
fibrosis (CF). The drug – frequently referred 
to as the ‘triple combo’ – is a cocktail of three 
small molecules that work in concert to 
resuscitate the CFTR protein which is crippled 
in CF patients. The previous CF drugs Ivacaftor®, 
Symdeko®, and Orkambi® (also developed by 
Vertex) were approved for only half the patient 
population in total, whereas Trikafta® treats 90% 
of patients. Clinical trials preceding approval of 
the drug reported exceptional results. Patients 
treated with Trikafta® exhibited a dramatic 
increase in lung function compared to patients 
receiving a placebo (13.8% increase) or even 
the other CF drug Symdeko® (10% increase). 
And of greater importance, the increase in lung 
function remained stable for most patients 
in the months (and now years) following 
the onset of treatment.40 To translate, these 
numbers mean reduced hospitalization, a less 
precipitous decline in health, and even relief 
from some of the extra-pulmonary symptoms 
of CF like stunted weight gain and heightened 
risk of diabetes.30 In short, the development of 
Trikafta® is a remarkable story – a new lease on 
life for patients who until now were resigned 
to a fate of steadily declining health and an 
average life expectancy of less than five 
decades.
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THE CAUSE OF CF
Let’s take a step back and talk about 

the science of CF. CF is the consequence of 
a mutation in the gene that codes for CFTR – 
the cystic fibrosis transmembrane 
conductance regulator – named as such 
upon its discovery in 1989. To acquire 
the disease, which is homozygous 
recessive in nature, patients must 
possess two mutant copies of CFTR. Wild 
type CFTR functions as an anion 
channel, shuttling chloride and 
bicarbonate ions across the cell membrane 
and depositing them outside the cell. This 
passage of ions is essential to the integrity 
of the airway surface liquid (ASL) – a fluid 
coating the surface of lung epithelial cells. 
The ASL provides two essential functions: 
the mucus it contains entraps inhaled 
particles, but at the same time, is fluid 
enough that the cilia (finger-like projections on 
the surface of lung epithelial cells) are able to 
brush the mucus and trapped particles out of 
the lung – a process referred to as muco-ciliary 
clearance.5

In CF patients, the volume of the 
airway surface liquid is reduced. Typically, 
excretion of salt from lung epithelial cells 
drives water from underlying blood vessels 
across and between 
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structure of the protein CFTR. 
When both alleles of the 
CFTR gene are mutated to be 
inactive the affected individual 
is afflicted with cystic fibrosis 
(CF)   
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the cells to the airway surface. But in CF patients 
this is not the case, so the ASL is 
dehydrated, its normally watery fluid 
becoming excessively viscous.5 The result 
is ciliary dysfunction. Imagine running 
your fingers through a tub of water, then 
switching to a tub of molasses – the latter 
task is quite a bit more difficult. The ASL of 
the CF lung poses essentially the same 
problem. The cilia can’t brush through the 
viscous surface fluid as efficiently – causing 
entrapped foreign particles to linger and mucus 
to plug up the airways. In addition, the lack of 
bicarbonate transport acidifies the ASL – think 
of the anions as a sponge, soaking up protons 
(H+) at the airway surface. Their absence means 
that airway acidity is increased.31

Blockage of the airways by mucus 
plugging and increased airway surface acidity 
are not the only problems for CF patients. 
Both effects in aggregate – the high viscosity 
and acidity of mucus – provide an optimal 
environment for the growth of 
pathogenic bacteria. Why is this the case? 
For one, the impairment of muco-ciliary 
clearance prevents the removal of foreign 
substances from the lungs. Also, mucus 
plugs are particularly fertile ground for 
bacterial growth, as they trap not only 
bacteria, but nutrients like sugar, amino 
acids, and metal ions – all good sources of 
fuel for bacteria. CF is associated with 
stark immune dysfunction, both a cause and 
a consequence of high bacterial load. The 
acidity of the airway surface impairs the 
function of certain immune proteins that fight 
off bacteria.31 And the presence of bacteria 

further contributes to immune dysfunction – 
common CF pathogens like the gram-negative 
bacterium Pseudomonas aeruginosa and the 
gram-positive Staphylococcus aureus recruits 
immune cells (neutrophils) to the lungs 
which produce an enzyme called neutrophil 
elastase [Figure 1]. Its function is to degrade 
bacterial proteins, but ineffective in this task, 
it turns on the human body itself – breaking 
down the collagen/elastin framework of the 
lungs. Unsurprisingly, this structural 
breakdown diminishes lung function as well.23

BEYOND THE LUNGS
Recently, the Journal of Cystic Fibrosis 

devoted an entire issue to the study of CF 
endocrinology. CF-related diabetes (CFRD) was 
the topic of several articles. As a form of diabetes, 
CFRD falls into a class of its own – its sufferers 
are both insufficient in insulin production due 
to pancreatic damage (a hallmark of type 1 
diabetes) and insulin resistant (a hallmark of 
type II diabetes). Patients who develop the 
disease consistently exhibit less favorable 
clinical outcomes – living shorter lives with 
lower lung function than patients without 
CFRD. Why certain patients develop it, and how 
its development may be halted, are unclear 
(although there is evidence that Trikafta® may 
reduce the incidence of CFRD).12,20 

Clearly, the clinical effects of a defective 
CFTR protein do not stop at the lungs. CFTR is 
present in the cells lining the exocrine ducts of 
the pancreas, from which digestive enzymes are 
secreted. Not only do many patients, especially 
older ones,  experience CFRD, the majority of 
CF patients develop a condition called exocrine 
pancreatic insufficiency early in life. This means 
that they need to ingest supplemental digestive 
enzymes with every meal just to maintain 
weight. Another typical extra-pulmonary 
manifestation of CF is elevated sweat chloride. 
Just as CFTR in bronchial epithelial cells can’t 
pump chloride ions out, mutations in CFTR 
lead to an inability to remove chloride from 
sweat.26 Salty sweat is such a hallmark 
feature of CF

Figure 1: (A) Gram positive 
and gram negative bacteria 
differ in the composition of 
their outer barriers. Gram-

positive bacteria possess 
a peptidoglycan cell wall 

layer atop a single plasma 
membrane. It is the thick 

peptidoglycan layer that allows 
gram positive bacteria to 

be gram-stained (hence the 
designation gram positive), 

appearing  deep violet when 
colored with the dye crystal 

violet. Gram Negative bacteria 
possess an inner membrane 

and an outer membrane. 
Sandwiched in between is 

the periplasmic space. Gram 
positive bacteria do not 

possess a thick peptidoglycan 
layer, and thus do not attain a 
violet color when stained. (B) 
The gram positive bacteria S. 
Aureus (purple) and the gram 

negative bacteria E. Coli (pink) 
in culture.

Source: Wikimedia Commons
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Figure 2: Owing to the 
various innovations in 
CF care discussed in the 
article – antibiotics, chest 
physiotherapy, and now 
modulatory therapy – the life 
expectancy of CF patients has 
risen markedly over the past 
80 years. 

Source: The image is created 
in excel and reflects the graph 
of CF life expectancy from the 
following source: https://www.
erswhitebook.org/chapters/
cystic-fibrosis/

that the ‘sweat test’ has long been the standard 
for diagnosis. 

90% of males with CF are infertile, owing to 
congenital bilateral absence of the vas deferens 
(the tube which carries sperm from the testicles 
to the urethra). Certain studies suggest that 
some male patients have hypogonadotropic 
defects as well – deficient p roduction of 
sex hormones by the gonads (primary 
hypogonadism) or deficient signaling to the 
gonads to produce sex hormones (secondary 
hypogonadism).39 Female CF patients are 
known to see a more rapid decline in health 
and a greater incidence of infection than males 
after puberty. It is thought that estrogen, which 
has receptors in the lung, is responsible. Yet 
the reason for the poorer clinical outcomes is 
unclear.14

Sex hormone deficiency is tied to 
another endocrinological defect – one of the 
many functions of estradiol (an estrogen) is 
the stimulation of bone growth. Given that 
estradiol is a derivative of testosterone, some 
male patients may develop bone disease in part 
as a consequence of low testosterone levels. 
But CF bone disease owes to multiple factors – 
it has long been associated with malabsorption 
of vitamin D and calcium due to exocrine 
pancreatic insufficiency, and re cent studies 
point to the heavy use of glucocorticoids to 
treat lung inflammation as a causative factor.25 

These drugs have a high affinity for the cortisol 
receptor – mimicking the effects of cortisol, the 
‘stress hormone’, to induce release of amino 
acids from bone as well as sugar from liver and 
muscle tissue into the blood. Not only does this 
accelerate bone deterioration, but it may also 
hasten the onset of CFRD.27 

One reason for the increased focus on the 
extra-pulmonary symptoms of CF is the fact that 
CF lung disease, always the driver of mortality in 
CF patients, has been softened by Trikafta® and 
other CF modulators such as Symdeko® and 
Orkambi®. The clinical paradigm has shifted 
– just as was the case with the emergence of 
insulin as a treatment for diabetics, the advent 
of modulator therapy has solved one grave 
problem for CF patients and opened the door 
to numerous others. But this is no occasion for 
regret – it’s not that these problems didn’t exist 
before, but rather that most patients didn’t live 
long enough to experience them.

HISTORY OF CF CLINICAL CARE
From our perch atop this modern summit 

in CF care, we look back on a long trail of 
medical advances. How did we get here? The 
history of cystic fibrosis goes back as far as 

the middle ages, where written manuscripts 
provide unofficial diagnoses of the disease 
in infants. Owing to a lack of medical 
understanding, the disease was often seen 
as a consequence of witchcraft well into the 
Modern Era [From a Spanish folktale of the 17th 
century: “a child that taste[s] salty when kissed 
will soon die”].26 Some suspect that Frederic 
Chopin, the famed romantic composer, had 
a mild case of the disease. He frequently 
suffered respiratory infections, reported bouts 
of hemoptysis (coughing up blood), and was 
underweight throughout his life.24 Chopin died 
at 39 years old – an extraordinarily productive 
lifetime despite its brevity. The first official 
reference to the disease as cystic fibrosis did 
not come until 1938, when the pathologist 
Dorothy Andersen termed it ‘cystic fibrosis of 
the pancreas’ based on the autopsy results of 
malnourished children. Previously, it had been 
termed ‘mucoviscidosis’ for the thick mucus 
that obstructs the lungs.6

By 1963, sweat testing had become the 
gold standard for CF diagnosis. That year, 
a panel of CF experts published a series of 
guidelines for the treatment of the disease.8 The 
rate of diagnosis and the quality of CF care in 
the United States has progressed significantly 
since this first set of guidelines. Over the 
past century, CF patient centers have sprung 
up around the country. Likewise, centers of 
research (such as the Geisel School of Medicine 
at Dartmouth) have devoted serious attention 
to the disease, and significant efforts have 
been undertaken to standardize CF care. And 
over the last decade, the CF community has 
witnessed the development of highly effective 
CF modulator therapy – including Tricafta, a 
product of Vertex Pharmaceuticals, which has 
worked closely with the CF Foundation (an 
organization made up of clinicians, researchers, 
and passionate family members of CF patients). 
As a consequence of these developments, the 
lifespan of CF patients has risen markedly over 
the past 80 years [Figure 2]. 

One might ask – why has the disease 
remained in the human population for so 
long? If it is so deleterious that patients have 
historically died before reaching reproductive 
age (and recall that most males with CF are 
infertile), to what does the mutant CFTR gene 

"The clinical 
paradigm has 
shifted - just as was 
the case with the 
emergence of insulin 
as a treatment 
for diabetics, the 
advent of modular 
therapy has solved 
one grave problem 
for CF patients and 
opened the door to 
numerous others."

CYSTIC FIBROSIS



DARTMOUTH UNDERGRADUATE JOURNAL OF SCIENCE93

"Beyond [strength 
training's] general 

positive effects 
on well-being 

(including physical 
and psychological 

changes) it 
strenghens the 
muscles in the 

upper body that 
assist breathing 
(muscles of the 
core, back, and 

chest) and improves 
bone strength - 

both changes that 
stand to benefit CF 

patients."

owe its longevity, especially in the Caucasian 
population? CF is, after all, the most common 
fatal genetic disease among Caucasians in the 
United States. Some researchers suggest that 
the persistence of CF owes to the ‘heterozygote 
advantage’ that it confers. Individuals with one 
copy of the mutant gene are asymptomatic 
for CF (although recent studies suggest that 
they do present certain symptoms, like mild 
gastrointestinal dysfunction)17, but seem 
to possess some degree of resistance to 
cholera.11 The operative pathogen, vibrio 
cholerae, acts by stimulating production of 
intracellular cAMP. The working CFTR protein 
is normally activated by cAMP, but V. cholerae 
overstimulates it, causing excessive flow of 
water out of intestinal epithelial cells (and 
severe dehydration). Although controversial, 
the idea is that individuals such as CF carriers 
who possess lower levels of cell surface CFTR 
are less susceptible to this dumping of water 
into the intestinal lumen and experience less 
severe symptoms – hence the heterozygote 
advantage. By a different mechanism, 
researchers have found that CF carriers may also 
be protected from typhoid fever.29 Given that 
these two infectious diseases have historically 
been quite deadly, the heterozygote advantage 
for CF may be significant. 

The first treatment developed for CF 
patients involved physical techniques for 
airway clearance, developed in the 1950s. 
Early physiotherapy involved a hands-on 
massage of the chest and back in an attempt 
to clear out mucus – an arduous task for both 
the patient and their caretaker(s). This form of 
physiotherapy is now largely obsolete in the 
United States, replaced by medical devices that 
perform the same task. The Vest®, for example, 
is worn as its name suggests – encasing the 
patient in an inflatable suit that vibrates rapidly 
to shake up mucus, and thereby improve 
mucociliary clearance of bacteria. 

Another common element of CF care is 
inhaled hypertonic saline, often administered 
in concert with chest physical therapy [Figure 
3]. The idea behind inhaling salty water is that 
some of the salt will enter the lungs, increase 
the osmolarity (salt concentration) of the 
airway surface liquid, and drive water from 
underlying blood vessels into the viscous 
mucus. In the mid 2000s, doctors in Australia 
reported that CF patients who surfed tended 
to have healthier lungs, presumably because 
of their high exposure to saltwater. This finding 
lent credence to the use of hypertonic saline 
as a therapy.9 That being said, certain studies 
suggest that it does little to improve lung 
function.36 Recently, studies that test the 

efficacy of removing tasks like chest PT and 
inhaled therapies from the daily CF treatment 
regimen have become fashionable.10 A 
consequence of the new modulator therapies, 
these studies may render current therapies like 
hypertonic saline obsolete.      

The story of the surfers raises another 
question about CF care – is exercise itself an 
effective tool for mitigating the symptoms of 
CF? Aerobic exercise (like running or cross-
country skiing) is known to increase VO2 max 

– the max rate of oxygen use during exercise
– and improve lung function. Strength training 
may also play a role. Beyond its general positive 
effects on well-being (including physical and 
psychological changes) it strengthens the 
muscles in the upper body that assist breathing 
(muscles of the core, back, and chest) and 
improves bone strength – both changes that 
stand to benefit CF patients. Studies of exercise 
in CF have found mixed results, however, 
owing in large part to the fact that the number 
of CF patients willing and able to undergo a 
consistent, monitored exercise regime is small. 
For people with low lung function, intense 
physical exercise can be a challenge. But this 
is likely to change with the advent of effective 
modulator therapy, given that many patients 
are seeing marked improvements in lung 
health.

To prolong the life of CF patients, treatment 
of lung infection is crucial. Numerous studies 
have shown a pattern of early colonization by 
the gram-positive bacterium Staphylococcus 
aureus alongside a variety of other organisms, 
including anaerobic bacteria and several 
fungal species. Later in life, the gram-negative 
bacterium Pseudomonas aeruginosa tends 
to become dominant. This trend of declining 
species diversity is associated with deteriorating 
lung health.41 Many patients are co-infected 
with P. aeruginosa and S. aureus: a predicament 
associated with worsened health compared to 
patients who culture either species alone. Given 
their preeminence, microbiologists studying CF 
have focused their efforts on the development 
of therapies to treat these two pathogens. But 
other species, like the vicious gram-negative 
bacteria of the genus Burkholderia, are also 
associated with very poor patient outcomes. 
Infection with Burkholderia typically amounts 
to a death sentence - an outbreak at the Boston 
Children’s hospital in the late 90’s resulted in the 
deaths of over 40 patients.28 Anti-pseudomonal 
and anti-staphylococcal therapies were first 
discovered in the 1950s and 60s, and more 
effective therapies have emerged over time, 
resulting in a significant boost to patient life 
expectancy. But an effective treatment for B. 
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Cepacia has yet to emerge. 

THE PATH TO HIGHLY EFFECTIVE 
MODULATOR THERAPY

In 1989, a team of scientists working in 
the U.S. and Canada, including the American 
geneticist Francis Collins, the Canadian 
Biochemist Jack Riordan, and the Canadian-
Chinese geneticist Lap-Chee Tsui, discovered 
the gene responsible for cystic fibrosis. In 
the decade and a half that followed, a race to 
encode the entirety of the human genome 
would unfold. It has often been characterized 
as a competition between the publicly-funded 
human genome project (led by Collins at 
the helm of the NIH) and the private Celera 
Corporation headed by J. Craig Venter. While 
the NIH broke the genome into many tiny 
segments and shipped them off to research 
centers across the globe for sequencing, Venter 
and Celera aimed to sequence the whole 
genome on their own. Although the two teams 
differed in approach, the scientific techniques 
underlying their efforts were fundamentally 
similar – break many copies of the genome into 
tiny overlapping fragments, then sequence 
each fragment individually and piece together 
the whole sequence by looking at the regions 
of overlap. Both teams mapped the human 
genome independently, and by the conclusion 
of the human genome project in 2003, the 
sequence of the human genome had been 
largely determined [Figure 4]. 

This elevated understanding of human 
genetics meant new opportunities for the 
treatment of CF. In 2000, the CF 
foundation entered into a partnership 
with the small West-Coast biotech . 

company Aurora Biosciences. Aurora had 
developed a membrane voltage dye assay 
to detect CFTR activity, and of the many 
companies that Bob Beall (then president 
of the CF foundation) reached out to, they 
were one of the few enthusiastic about 
entering the CF space. The problem was 
that developing a drug, especially one 
sophisticated enough to treat CF, is an 
expensive endeavor. Drug development entails 
screening millions of candidate molecules, 
assessing their bioavailability and toxicological 
properties, developing an efficient mechanism 
for chemical synthesis, and scaling up that 
chemical synthesis such that the drug can be 
produced (safely) at industrial scale. This is 
not to mention all the measures that must be 
taken to ensure strict compliance to regulatory 
guidelines – strict gowning procedures in 
the laboratory and drug production facility, 
rigorous document retention systems (to 
ensure compliance with government audits), 
and strict control of air flow, temperature, and 
humidity wherever drugs are handled. In short, 
Aurora needed funds. The CF foundation, with 
its team of dedicated advocates (patients, 
family members, doctors, and scientists), was 
willing to provide them. For despite significant 
improvement in the lifespan of CF patients 
from mid-century on, no treatment yet existed 
that actually treated CF at its root cause. 

The scientists at Aurora, despite their ability 
to detect CFTR activity, knew little about cystic 
fibrosis as a disease – how CFTR dysfunction 
contributed to the broader physiological 
symptoms manifested by CF patients. An 
advisory committee of researchers - Bruce 
Stanton (currently head of Geisel's lung 
biology
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Figure 3: This is a nebulizer 
device used for hypertonic 
saline therapy. It can also be 
used to administer Pulmozyme 
(see sidebar). Both therapies 
are often performed 
concurrently with chest PT. 
The device works by atomizing 
saline solution (stored in the 
bottom of the clear plastic 
nebulizer) into a saltwater 
mist of fine droplets. The mist 
is propelled up through the 
mouthpiece and inhaled into 
the lungs. 

Source: Wikimedia Commons

"Drug development 
entails screening of 
millions of candidate 
molecules, 
assessing their 
bioavailability 
and toxicological 
properties, 
developing an 
effecient mechanism 
for chemical 
synthesis, and 
scaling up that 
chemical synthesis 
such that the drug 
can be produced 
(safely) at industrial 
scale."



DARTMOUTH UNDERGRADUATE JOURNAL OF SCIENCE95

"For one, [VX-770's]
success would act as 

a proof of principal; 
that a foundation and 

a biotech company 
could collaborate 
successfully and 

develop drugs that 
might dramatically 
improve the lives of 

patients."

center), Melissa Ashlock, Bill Guggino, Jeff Wine, 
Kevin Foskett and Ray Frizzell – helped bridge 
this knowledge gap. At the helm of the CF drug 
discover team at Aurora, Paul Negelescu took 
the advice of the board and drove his team to 
develop more sophisticated assays for CFTR 
detection. Screening compounds yielded 
several promising drug candidates (one of which 
would become VX-770, or Ivacaftor, after Aurora 
was acquired by Vertex Pharmaceuticals). But 
upon investigating further, the scientists were 
met with a disconcerting result. VX-770 worked 
on fibroblasts expressing ∆F508 mutant CFTR 
at a temperature of 27°C, but at 37°C (normal 
body temperature), it was ineffective.

What accounted for the drug’s 
ineffectiveness a t 3 7°C? T he ∆ F508 m utation 
causes CFTR to accumulate inside of the cell at 
physiological temperature – the protein never 
makes it to the cell membrane. However, at 27°C 
∆F508 reaches the membrane but it’s ability 
to secrete chloride ions is defective. Scientists 
at Aurora learned that VX-770 increases the 
ability of ∆F508 to secrete chloride if it reaches 
the plasma membrane, but not if it is trapped 
inside the cell. An important implication of 
these results was that VX-770 would stimulate 
chloride secretion by CFTR mutations like 
G551D, which is present in the cell membrane, 
but has a defect in the ability to secrete chloride.

These findings presented Bob Beall and 
the CF foundation with a moral dilemma – 
Aurora had found a drug candidate that 
would help CF patients with the G551D 
mutation, yet these patients comprised only 
5% of the CF patient population. If drug 
development moved further, including very 
expensive clinical trials, these patients were 
likely to see significant improvement in

health, but everyone else would be left in the 
dark, witness to the immense success of a drug 
that would not be of benefit to them. Beall 
decided to move forward with the funding of 
the drug program. For one, its success would 
act as a proof of principal; that a foundation 
and a biotech company could collaborate 
successfully and develop drugs that might 
dramatically improve the lives of patients. 
Also, it stood the reason that the development 
of VX-770 would lay the groundwork for 
development of drugs to treat patients with 
∆F508, and other mutations in CFTR.

In 2001, Vertex Pharmaceuticals 
bought Aurora Biosciences. Aurora had 
made great strides in the development of its 
CF modulator, but it was still a small biotech 
company. With forays into the 
development of immune-suppressants 
and anti-viral therapies (for AIDS and 
hepatitis C), Vertex had amassed 
significant clinical trial experience 
and established a global network of 
contract research organizations (CRO’s), 
contract manufacturing organizations 
(CMO’s), and vendors (for laboratory and 
drug production equipment). But even in 
this new arrangement, the CF foundation 
remained a loyal companion. Throughout the 
development of CF modulators by Vertex – 
starting in 2001 and culminating with the 
approval of Orkambi® in 2015, Symdeko® in 
2018, and Trikafta® in 2019 – the CF 
Foundation provided significant monetary 
support. Without this assistance, Vertex 
would not have sustained its efforts in the 
CF space.  

Initially a minor part of the Vertex drug 
development program, CF modulator therapy 
rose in prominence during the late-2000s (In 
part due to successful clinical trial results for 
ivacaftor®, but also due to flagging prospects 
for their Hep-C drug Incivek®). The CF 
modulators fall into two classes: potentiators 
and correctors. Potentiators work to activate 
the mutant CFTR protein that makes it to the 
cell membrane. Correctors act to guide mutant 
CFTR that does not make it to the membrane. 
Scientists at Vertex quickly found that a 
potentiator alone was not capable of rescuing 
CFTR function in most patients, given that 90% 
possess at least one copy the common ∆F508 
mutation in which the protein does not make 
it to the cell surface. Nonetheless, the first 
modulator approved by the FDA was the 
potentiator VX-770. A trial for the roughly 4% 
of patients with the G551D gating mutation (in 
which the protein does make it to the cell 
surface, but does not conduct chloride and 
bicarbonate well) found a greater than 10% 

Figure 4: Both forms of 
genome sequencing, that used 
by Craig Venter and the Celera 

Corporation, and that utilized 
by Francis Collins and the 

NIH, involve breaking a cloned 
genome into many different 

overlapping fragments. Once 
sequenced, these fragments 
can be checked for overlaps, 

and these overlaps give the 
proper order of the DNA 

sequence (see how the 
overlapping fragments in the 
accompanying image reflect 

the sequence of the initial 
cloned genomes) 

Source: Wikimedia Commons
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average improvement in lung function that 
was accompanied by a far lower frequency of 
hospitalization.1 Ivacaftor® provided a whole 
new life for patients who previously had 
only palliative therapy to treat the symptoms 
of CF, not a way to halt its relentless 
progression.

But treating only 4% of CF patients was 
not a suitable stopping point for the company, 
nor for the broader community of CF 
researchers, doctors, and patients. In fact, 
many at Vertex felt more anxious than satisfied 
upon the approval of Ivacaftor®, given that the 
tantalizing promise of effective modulator 
therapy was still out of reach for the vast 
majority of individuals. Working closely with 
the CF foundation (who have funded a 
significant proportion of Vertex’s research 
efforts in CF) the company developed several 
CFTR correctors. The first studies of a 
potentiator-corrector combination produced 
promising results for the ∆F508 homozygous 
CF population. Orkambi® and then Symdeko® 
improved lung function, but not quite as 
significant as the effect of Ivacaftor® for 
patients with the G551D mutation. 32 

By 2019, after years of dedicated research, 
the outlook had improved dramatically. Vertex 
had successfully built a triple combination 
therapy for CF – composed of the potentiator 
VX-770 (ivacaftor) and two correctors, VX-661 
(tezacaftor) and VX-809 (lumacaftor). In a trial 
of ∆F508 homozygotes, the triple combo 
exhibited the same level of success as 
Ivacaftor® in the treatment of G551D mutant 
patients: an average improvement in lung 
function greater than 10% and a significant 
reduction in rates of hospitalization.13 
Remarkably, when the combo was tested on 
patients with only one ∆F508 allele (the other 
being any rarer CF mutation besides G551D), 
the results were equally positive.19 After 
several years of clinical trials, and the 
swapping of VX-809 with VX-445 (elaxacaftor) 
to minimize adverse drug-drug interactions, 
the triple combo (Trikafta®) was approved on 
October 23rd, 2019 for patients 12 years and 
older. For the first time, the majority of CF 
patients (roughly 90%) had a treatment 
that targeted mutant CFTR directly and 
slowed the progression of the disease.  

LOOKING TO THE FUTURE
The outlook for most CF patients is 

far brighter today than it was just several years 
ago. For adult patients whose lung health has 
yet to decline to the point where lung 
transplantation is necessary (around 20% lung 
function), the news of Trikafta’s approval came 
at just the right time; a solution to stave of 
the slow destruction of the lungs. 

Once Trikafta® is approved for patients 
under 12 years of age, life expectancy for 
CF patients has the potential to be 
extended dramatically. As Carolyn Johnson 
put it in her recent article for the Washington 
Post: “Patients who were unsure about whether 
they should bother attending college 
because they had always known they would 
die young are now being told they should 
think about planning for retirement.”15

Some significant challenges still remain – 
10% of patients are yet unable to benefit from 
CF modulator therapy. They possess severe, 
class I mutations that cause the complete 
absence of CFTR protein production. In 
these cases, there is no misshapen protein to 
correct or potentiate. Several approaches have 
emerged to tackle this problem – from the 
stimulation of alternate chloride channels to 
the use of gene therapy.3 Scientists at Stanford 
University just published an article proclaiming 
that gene therapy in airway stem cells corrects 
the mutant CFTR protein such that wild type 
CFTR is expressed after the cells differentiate.34 
This study suggests that gene therapy for CF 
may not be far off. 

So what does it mean to find a ‘cure’ for CF? 
The modulators, although extremely effective, 
do not restore CFTR expression to normal 
levels. In part, this owes to suppression of 
modulator-rescued CFTR at the cell surface by 
bacterial virulence factors. A study conducted 
at Dartmouth’s Geisel School of Medicine 
showed that outer membrane vesicles (OMV’s) 
from P. aeruginosa interface with lipid rafts 
on the surface of bronchial epithelial cells. 
Once docked at the epithelial cell surface, 
they deposit the virulence factor cif to the cell 
interior. Cif reduces expression of CFTR at the 
cell surface, likely by causing it to be tagged for 
degradation by the cell’s own machinery.4 This 
means that even though gene therapy for CF 
patients may soon be a reality, it will not be the 
end of the road. It will be essential to address the 
CF lung microbiome – the network of bacteria, 
fungi, and viruses that interact in complicated 
ways with each other and the host. 

Research at the Geisel School of Medicine 
at Dartmouth has started to unravel some 
of the mysteries of the CF lung disease. For 
example, the research team led by Dr. Gerry 
O’Connor, an investigator in The Dartmouth 
Institute for Health Care Delivery, added 
five years of life on average to CF patients 
across the country. The research by O’Connor, 
in collaboration with the National Quality 
Program for CF, encouraged patient centers 
across the country to publicly report clinical 
outcomes – eliminating discrepancies in care 
by allowing each center to make improvements 
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"By 2019, after 
years of dedicated 
research, the outlook 
has improved 
dramatically. Vertex 
had successfully 
built a triple 
combination therapy 
for CF - composed 
of the potentiator 
VX-770 (ivacaftor) 
and two correctors, 
VX-661 (tezacaftor) 
and VX-809 
(lumacaftor)."
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"CF therapy 
will advance in 

tandem with the 
development of gene 
therapy techniques. 

Advances in 
understanding the 

lung microbiome 
too will confer 

broad benefits to CF 
patients and people 

with other lung 
diseases."

in clinical areas where other centers performed 
better. The current director of the Lung Biology 
Program at Dartmouth, Dr. Bruce Stanton, leads 
a team in the investigation of P. aeruginosa 
lung infections. Stanton frequently travels 
across the country, meeting with the heads of 
other CF centers to evaluate their performance 
and suggest improvements to their standards 
of care. He sat on the scientific advisory 
board (SAB) for Vertex Pharmaceuticals when 
it acquired Aurora Biosciences. Folded into 
Vertex operations at the San Francisco research 
site, scientists from Aurora (headed by Dr. Paul 
Negulescu) were the group at Vertex most 
responsible for the efforts to develop the CF 
modulators. 

In the lungs, P. aeruginosa forms biofilms, 
complex structures that increase antibiotic 
resistance. Biofilms are composed of bacterial 
cell communities which rest in a matrix of 
extracellular polymetric substances and 
fragments of DNA released by dead immune 
cells. It is well documented that bacterial 
biofilms resist antibiotics more tenaciously 
than independent (planktonic) bacterial 
cells. This is why it is so hard to eradicate P. 
Aeruginosa and S. Aureus from the lungs of CF 
patients.16,21,22 Proteomics and transcriptomics 
studies (examining what proteins are produced 
and what genes are expressed) of bacterial 
biofilms have yielded insight into the molecular 
mechanisms of biofilm formation and provided 
potential therapeutic routes. 

Thus far, the focus of CF microbiome 
research has been the lung. Given that 
respiratory failure is the leading cause of death 
for CF patients, this emphasis is warranted, since 
studies have shown that although modulator 
drugs improve lung function they do not 
eliminate bacterial lung infections. However, as 
patients are living longer, the need to address 
the CF gut microbiome has increased – for gut 
dysbiosis (a disturbance to the composition 
of the normal bacterial community) impacts 
the gastro-intestinal, pancreatic, and liver 
symptoms of CF. Studies have found that CF 
liver disease (now the fourth leading cause of 
death for CF patients) is exacerbated by the 
molecular products of CF pathogens in the 
gut.2 And CF patients are at a 5-10x greater 
risk of developing colorectal cancer than the 
general population, a trend that is most likely 
influenced by an abnormal gut microbiome.33 

Innovations in CF care intersect with 
broader developments in the realm of 
biological research. CF therapy will advance in 
tandem with the development of gene therapy 
techniques.  Advances in understanding 

the lung microbiome too will confer broad 
benefits to CF patients and people with other 
lung diseases. The future is bright, but there 
are clearly many challenges remaining in 
the treatment of CF – helping the remaining 
non-∆F508 patients, dealing with extra-
pulmonary symptoms, and finding a way to 
better manage CF lung infection. In keeping 
with the motto of the CF foundation, the CF 
community – of researchers, doctors, patients 
and patient advocates, and the team at Vertex 
Pharmaceuticals – will keep searching for 
new treatments for the 10% who do not have 
effective drugs ‘until it’s done’. CF care has 
improved tremendously over the past eight 
decades, and it continues to evolve. 
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