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Abstract: The new CFTR modulator combination, elexacaftor/tezacaftor/ivacaftor (Trikafta) was 

approved by the FDA in October 2019 for treatment of Cystic Fibrosis in patients 12 years of age or 

older who have at least one F508del mutation in one allele and a minimal-function or another 

F508del mutation in the other allele. However, there is a group of patients, in addition to those with 

rare mutations, in which despite the presence of a F508del in one allele, it was not possible to 

identify any mutation in the other allele. Today these patients are excluded from treatment with 

Trikafta. In Italy CF patients carrying F508del/unknown represent about 3% (156 patients) of the 

overall Italian CF patients. In this paper we show that the Trikafta treatment of nasal epithelial 

cells, derived from F508del/Unknown patients, results in a significant rescue of CFTR activity. 

Based on our findings, we think that the F508del/Unknown patients considered in this study could 

obtain clinical benefits from Trikafta treatment, and we strongly suggest their eligibility for this 

type of treatment.This study, adding further evidence in the literature, once again confirms the va-

lidity of functional studies on nasal cells in the cystic fibrosis theratyping and personalized medi-

cine.  

Keywords: theratyping, cystic fibrosis, functional characterization, personalized medicine,CFTR, 

rare mutation 

 

1. Introduction 

Cystic fibrosis (CF) is an autosomal recessive genetic disease characterized by mu-

tations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene [1].To 

date, 352 CFTR mutations are known to be CF-causing (https://cftr2.org/), that are classi-

fied according to the impact they have on the synthesis, processing or function of the 

CFTR gene [2]. New drugs that target the basic defect in CF have provided hope for pa-

tients and progress in drug development has been substantial over the past decade. The 

first class of molecular drugs successfully developed were CFTR potentiators, such as 

ivacaftor, which are small molecules that interact with the mutant channel to augment its 

opening probability, enhancing anion flux across the plasma membrane [3,4]. At present, 

ivacaftor (KalydecoTM) is approved in the USA for patients aged 6 months, carrying 

gating mutations and mutations with residual CFTR function [3,5]. CFTR correctors (eg, 

elexacaftor, lumacaftor, tezacaftor) correct the processing and trafficking defect of the 

F508del-CFTR protein to enable it to reach the cell surface. The combination of a single 

corrector, either lumacaftor or tezacaftor, with the potentiator ivacaftor improves clinical 

outcomes, including lung function and the rate of pulmonary exacerbations [6,7]. Actu-
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ally, the Food and Drug Administration (FDA) has approved the use of lu-

macaftor/ivacaftor (Orkambi®) in patients with CF who have two copies of the F508del 

CFTR mutation and are 2 years and older; in the same way tezacaftor/ivacaftor 

(Symdeko®) is approved for individuals 12 years and older with two copies of F508del, 

as well as for individuals who have a single copy of one of 26 specified mutations, re-

gardless of their other mutation [8]. The newest CFTR modulator elexa-

caftor/tezacaftor/ivacaftor (Trikafta) was approved by the FDA in October 2019 for the 

treatment of CF in patients 12 years of age or older who have at least one F508del muta-

tion, including both heterozygous for the F508delCFTR mutation and a minimal-function 

mutation, and homozygous for the F508del mutation. Approval was resulting from im-

provements in lung function, the rate of pulmonary exacerbations, sweat chloride con-

centration, CFQ-R respiratory domain scores, and BMI over 6-month testing periods in a 

phase-3 trial [9]. This triple combination helps the CFTR protein perform better than 

other modulators for an even greater number of patients with CF. Nevertheless, further 

research to extend the benefit of CFTR modulation to patients with responsive mutations 

other than the F508del CFTR mutation or rare genetic profiles is imperative. 

The ability of the triple combination to rescue the mutated CFTR by the F508del 

mutation opens new perspectives for CF patients whose genotype is characterized by the 

presence of the F508del and another unknown mutation, remaining unidentified also 

after deep gene sequencing analysis. This F508del/unknown subgroup, usually not in-

cluded in clinical trials, is represented by 151 patients in Italy (about 3% of the overall 

Italian CF patients, personal communication of Italian CF Registry), and some of them 

suffer of severe lung disease. 

Aim of our paper was to evaluate the efficacy of the triple therapy elexa-

caftor–tezacaftor–ivacaftor on nasal epithelial cells (hNECs) of three CF adult patients 

carrying a CFTR genetic profile F508del/unknown. 

2. Results 

2.1Patients Characterization 

We report three cases of CF unrelated patients with F508del/unknown genotype. For 

all the three subjects, the CFTR gene analysis was performed at diagnosis.  

 

Case 1) a 48-year-old Caucasian woman diagnosed as CF with pancreatic insuffi-

ciency (fecal elastase < 100 µg/gr) at the age of 8 years old in presence of persistent pro-

ductive cough, diarrhea and pathological sweat chloride (chloride values: 104-102 

mEq/L). During follow up she developed chronic colonization by Pseudomonas Aeru-

ginosa, and by Burkholderia gladioli. Further complications were CF-related diabetes 

mellitus and non cirrhotic CF-related liver disease. The clinical course of the lung disease 

worsened progressively, needing with nocturnal oxygen therapy since the age of 36 

years. Forced expiratory volume in 1 second (FEV1) values dropped <30% in the last year. 

Finally, the patient suffered one episode of major hemoptysis (acute bleeding of more 

than 240 ml/day) requiring bronchial artery embolization at the age of 37 years.  

 

Case 2) a 40-year old Caucasian man, diagnosed as CF with pancreatic sufficiency at 

the age of 9 years, on the basis of chronic productive cough, evidence of bronchiectasis at 

CT-scan and colonization by Pseudomonas aeruginosa. Sweat chloride at diagnosis was 

pathological (82 mEq/l). When adolescent, the clinical picture was reinforced by the evi-

dence of azoospermia. The clinical course of the lung disease was progressively wors-

ening, with acquisition of multi-resistant P. aeruginosa and very frequent pulmonary 

exacerbations. The subject initiated long-term therapy with oxygen at the age of 38 years, 

and at the age of 39 entered on the waiting list for lung transplantation, because of re-

current massive haemoptysis, not responding to bronchial artery embolization. 
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Case 3) a 59-year old Caucasian woman, diagnosed as CF with pancreatic sufficiency 

at the age of 20 years old, on the basis of chronic productive cough, evidence of bronchi-

ectasis at CT-scan and colonization by P. aeruginosa. Sweat chloride at diagnosis was 

pathological (114 mEq/l). The clinical course of the lung disease was progressively 

worsening, with acquisition of multi-resistant P. aeruginosa and very frequent pulmo-

nary exacerbations. The subject initiated long-term therapy with oxygen at the age of 57 

years, and her lung function has declined to28% in the last year. 

 

2.2 Nasal brushing and short-circuit current recordings  

In order to evaluate the eligibility of our patients for the treatment with Elexa-

caftor–Tezacaftor–Ivacaftor therapy, we performed a nasal brushing to each of them and 

analyzed it by short-circuit current recordings. As shown in Figure 1c the untreated cells 

of F508del/Unknown patients did not respond to FSK-IBMX activation. On the contrary, 

the treatment of the cells with a combination of elexacaftor/tezacaftor/ivacaftor results in 

an increase of current elicited by FSK-IBMX from 3 to 5 A (Figure 1a), similarly to 

non-CF subjects (Figure1d). Addition of the CFTRinh-172 (an CFTR specific inhibitor) 

essentially abolished the current elicited by cAMP agonist. 

 

 
Figure 1. Representative trace output from short-circuit current (Isc) recording experiments 

on brushed nasal epithelial cells; a) short-circuit current from CF patients with F508del/Unknown 

genotype treated with elexacaftor/tezacaftor/ivacaftor, and c) non treated; b) short-circuit current 

from control subject treated with elexacaftor/tezacaftor/ivacaftor, and d) non treated. Cells were 

treated with or without a combination of VX-445 (3 μM), VX-661 (3 μM) and VX-770 (100 nM) for 24 

hrs. FSK Forskolin (10 μM), IBMX (3-Isobutyl-1-methylxanthine) (100 μM), Inh-172 (5 μM). 

 

Figure 2 shows the current elicited by cAMP agonists in the hNECsderived from 

F508del/Unknown patients and from control subjects. There were no significant differ-

ences in treated cells compared to no treated ones in the control samples. On the contrary, 

when the hNECs with F508del/Unknown genotype were treated with elexa-

caftor/tezacaftor/ivacaftor combination the current elicited by forskolin/IBMX was dras-

tically increased respect to untreated cells, reaching values similar to control samples. 
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Figure 2. Short-circuit current recording experiments on brushed nasal epithelial cells from 

CF patients (two samples for patients, n=3) with F508del/Unknown genotype and control subjects 

(one sample for subject, n=6) no treated (NT) or treated (T) with elexacaftor/tezacaftor/ivacaftor. 

Cells treatment consisted of a combination of VX-445 (3 μM), VX-661 (3 μM) and VX-770 (100 nM) 

for 24 hrs, DMSO for untrerated cells. FSK Forskolin (10 μM), IBMX (100 μM), Inh-172 (5 μM). 

 

 

3 Discussion 

The development of CFTR modulators is changing the natural history of cystic fi-

brosis. Approximately 90% of American people with CF carry one or more copies of the 

F508del-CFTR allele, thus making almost all patients eligible for new drugs [9]. Never-

theless, frequency and distribution of F508del varies in different population, with a de-

creasing prevalence from Northwest to Southeast Europe [10]. Data from Italian Cystic 

Fibrosis Registry show that only 21.1% of CF patients are homozygous for F508del CFTR 

mutation [6]. Furthermore only 45% of CF patients followed at CF center of Florence have 

at least one F508del [11]. Despite the wide availability of genome sequencing technolo-

gies, not in every CF patient can be identified a mutation on both CFTR alleles. This oc-

curs in 1–1.5% CFTR alleles of patients with fully expressed disease from Northern Eu-

rope and in an even higher proportion of CFTR alleles from Southern Europe [7].  

The Italian CF Registry has the records of 5,531 CF patients in 2018. Out of the total, 

3,779 patients carry one allele with the F508del mutation. Within this last subgroup, 156 

patients (about 3% of the Italian CF patients) have their genotype characterized by 

F508del mutation in one allele and unidentified mutation in the other allele. However, 

not for all the patients can be guaranteed that an extensive gene scanning has been per-

formed. For these reasons, despite all efforts, the proportion of potentially eligible pa-

tients suitable for CFTR modulators varies between countries and there is still a subgroup 

of patients that are not rescued by any of the drugs in the development pipeline. In these 

specific cases novel drug screening needed. Currently international projects, including 

CF patients with rare mutations, are going to evaluate the efficacy of new molecules on 

nasal or intestinal organoid ex-vivo models. 

In the setting of such studies, the concept of "minimal function" could be interpreted 

in an innovative way. We have studied several other patients with this approach [12,13] 

and recently it was possible to begin a treatment with ivacaftor in a subject with a rare 

mutation, on the basis of the demonstration of functional studies on nasal epithelial cells 

[14,15]. Here we show the use of epithelial nasal cells from patients as ex-vivo model to 

evaluate the Trikafta responsiveness on three CF patients with F508del/unknown geno-

type. Our model of nasal epithelial cells is simple, standardizable and non-invasive for 
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the patient [16,17]. In the present study, all three patients analyzed responded very well 

to treatment with Trikafta. The second mutation was not identified also using deep se-

quencing; nevertheless, its effect should be quite severe, as untreated cells showed basi-

cally very low levels of CFTR activity (less than 3% of wild-type CFTR activity) after 

cAMP agonist stimulation.  

Finally, we stress the suitability of an ex-vivo model for the functional characteriza-

tion of rare mutations of the CFTR gene, or better, to predict the effect of molecular drugs 

independently by the CFTR genotype in the view of a personalized therapy [18]. Based 

on our data CF patients carrying F508del/unknown genetic profile would be eligible to 

Trikafta treatment.  

Of course, our data do not suggest that all F508del/unknown patients are eligible for 

trikafta treatment, as we do not know the exact genomic condition of our three patients 

and certainly each of the patients with this genotype has a different genomic condition. 

But since knowing the genetic cause of these patients requires complicated molecular 

analyzes, probably whole genome sequencing techniques, functional characterization 

using ex vivo models represent a simple and valid way to define their eligibility for 

treatment with available therapies. Indeed, ex vivo studies allow, unlike in vivo ones, 

where it is required to perform experiments on the whole organism, in this case, the pa-

tient, to predict the pharmacological responsiveness on few cells derived from the pa-

tient, and therefore, with the same genetic background, saving money, time and with 

great clinical benefit for patients. 

 

4Materials and Methods 

4.1Patients Characterization 

For all the three subjects, the CFTR gene analysis was performed at diagnosis.The 

DNA samples were analyzed by three methods: 1) Inno-LiPA CFTR 27+TN kit Cat#: 

80581, Inno-LiPA CFTR 19 kit Cat#: 80580, Inno-LiPA CFTR Italian regional kit Cat#: 

80579, all kits are provided by FUJIREBIO, total 56 mutation analyzed, 2) Sequencing 

analysis of all CFTR exons plus 100bp up- and down-stream sequences, by Sanger 

method, 3) quantitative fluorescent multiplex PCR MLPA (Polymerase Chain Reaction 

Multiplex Ligation-dependent Probe Amplification) analysis for the detection of dele-

tions, insertions and duplications in all coding regions. (detection rate 98%). All the tests 

showed exclusively the presence of the F508del mutation, and a not identified second 

mutation. Case1 was analyzed by NGS technology (Devyser CFTR, Art. No.: 8-A101, 

Sweden). 

 

4.2Nasal Brushing 

Human nasal epithelial cells (HNEC) were sampled as reported in by nasal brushing 

of both nostrils. Briefly, brushes were immersed in RPMI 1640 medium supplemented 

with 3% Penicillin-Streptomycin for cell culture. Then, each sample were incubated for 20 

minutes in a thermomixer and in agitation at 600 rpm to detach all cells from brushes and 

resuspended in PneumaCult –EX Medium (STEMCELL), a serum free cell culture me-

dium, and seeded in a T12.5 collagen-coated flasks. Cell culture medium was changed 

every day. Then, about 33,000 cells (1x105 cells/cm2) were seeded on porous filters (0.33 

cm2, Transwell, Corning) in PneumaCult–EX Medium until confluence. The Pneu-

maCultTM–EX Medium was replaced by PneumaCult-ALI Maintenance Medium for 

air-liquid interface (ALI) cultures. 

 

4.3 Short-Circuit Current Recordings 

After at least 20 days culture, the function of epithelial nasal tissue is tested by 

Ussing Chambers, as reported in Amato et al HM 2019 [14]with some variations. Both 

apical and basolateral hemichambers were filled with 5 ml of a solution containing (in 

mM): 126 NaCl (Sodium Chloride), 0.38 KH2PO4 (Potassium dihydrogen phosphate), 
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2.13 K2HPO4 (Dipotassium hydrogen phosphate), 1 MgSO4 (Magnesium Sulphate), 1 

CaCl2 (Calcium Chloride), 24 NaHCO3 (Sodium Bicarbonate), and 10 glucose. Both sides 

were continuously bubbled with a gas mixture containing 5 % CO2 (Carbonic Anhy-

dride) - 95 % air and the temperature of the solution was maintained at 37 °C. The tran-

sepithelial voltage was short-circuited with a voltage-clamp (VCC MC8 Multichannel 

Voltage/Current Clamp, Physiologic Instruments). The offset between voltage electrodes 

and the fluid resistance were canceled before experiments. The short-circuit current was 

acquired and analyzed using the Acquire&Analyzesoftawer (Physiologic Instruments). 
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