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Abstract

Pharmacological modulators of CFTR have significantly changed the cystic fibrosis (CF)
phenotype of subjects affected by this multi-organ disease. Here, we evaluated the
CFTR function analysis (short-circuit chamber in colonoids) in response to Elexa-
caftor/Tezacaftor/Ivacaftor (ETI) with the clinical benefits of in vivo treatment with ETI in
ten CF subjects. We found that the functional response of ETI-corrected PDROS significantly
correlated with the absolute change in the sweat chloride test. Thus, our work reinforces
the use of organoid-derived human intestinal monolayers to guide clinicians in selecting
CFTR-targeted therapies.

Keywords: 2D monolayer-rectal organoids; personalized medicine; Ussing; CFTR
modulators; cystic fibrosis; primary cell models

1. Introduction
Cystic fibrosis transmembrane conductance regulator (CFTR) modulators have been

used in the later decade to improve the clinical condition of people with CF (pwCF) who
carry CFTR variants that meet eligibility criteria based on their responsiveness to these
drugs. These target mutation-specific CFTR medicines act as potentiators or correctors,
increasing CFTR channel activity and rescuing CFTR protein structure, respectively [1,2].
The most recent modulator combination, Elexacaftor/Tezacaftor/Ivacaftor (ETI), initially
approved in Europe for patients with at least one F508del allele [3], has been shown
to be highly effective clinically, improving nutritional status, lung function, exacer-
bation frequency, and respiratory symptoms [4,5]. Since its initial EMA approval in
2020 for patients ≥ 12 years with at least one F508del mutation, the indication for ETI
has progressively expanded in the EU to include younger children and, more recently,
patients ≥ 2 years with additional rare CFTR mutations. Based on the impressive recovery
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of the health condition of pwCF under these modulator therapies, the United States Food
and Drug Administration (FDA) decided to rely on in vitro cell models to generate CFTR
variant-specific drug responsiveness data for FDA label expansion [6]. These are especially
relevant when in vivo data are absent due to the impracticability of performing conven-
tional clinical trials. To date, 178 variants are approved for ETI in pwCF, and additional
rare CF-causing variants can access these treatments according to specific programs [2,7].

Preclinical in vitro models started with the use of simple and easy-to-cultivate im-
mortalized epithelial cells derived from various tissues and species, such as the hu-
man embryonic kidney (HEK) [8], Fischer rat thyroid (FRT) [9], and CF bronchial
epithelial (CFBE41o−) [10]. For decades, these cells have been valuable resources for
high-throughput screening strategies and for developing pharmacological therapies for
pathogenic CFTR variants [11]. Nonetheless, recombinant cell systems have limitations
in recapitulating all CF patients’ epithelium. For instance, most of these cells express the
CFTR protein based on a cDNA construct; they lack the presence of the nonsense-mediated
decay (NMD) mechanism for premature termination codons (PTCs) and are unable to
reproduce the cryptic splicing events that may occur in the native tissue [11]. Moreover,
these cell types are more karyotypically unstable, risk losing their original phenotypic
characteristic, and fail to predict treatment effects for pwCF in a personalized manner [12].
It is known that the CFTR genotype is not the only factor responsible for the CF phenotype;
the presence of modifier genes and environmental as well as epigenetic factors influence
CF disease diagnosis and drug response [13–15].

Primary organoids are physiologically relevant cell systems that have been used
to overcome most limitations of in vitro models based on recombinant cell lines. As a
promising research model, organoids can be established from either adult stem cells or
pluripotent stem cells, becoming very similar to their original organs. Cultured in two or
three dimensions, organoids preserve the donor tissue’s genetic, physiological, architectural
traits, and functional properties even after many passages [11,16–18]. These features make
3D organoids an ideal in vitro system for drug screening, disease modeling, and predictive
drug response necessary for personalized medicine approaches [19]. In CF, intestinal
organoids and primary human nasal epithelial (pHNE) cells have been demonstrated to be
reliable systems for assessing the effect of modulators on pathogenic CFTR variants [18,20].
Moreover, intestinal organoids can aid in CF diagnosis by measuring CFTR function in
challenging cases [21–23]. Studies comparing in vitro results from patient-derived cells
with individual clinical characteristics are crucial for validating the robustness of in vitro
system predictions [24]. Hence, this work was designed to reinforce the predictive power
of PDROs cultured as monolayers, a model already validated by other researchers [25,26],
by comparing in vitro data with the clinical response of pwCF carrying rare CFTR variants
who receive ETI treatment. Our results show that patient-derived 2D organoids’ in vitro
drug response significantly correlates with in vivo responses to CFTR modulator drugs.

2. Materials and Methods
2.1. Cohort and Ethical Approval

All specimens were obtained from nine individuals with CF (carrying W57G/A234D,
R74W+V201M+D1270N/CFTRdele22-24, F508del/711+5A, A559T/A559T, R347P/R347P,
L227R/L227R, F508del/dup.exon1-3, R1162X/3849+10kBC>T, 2183AA>G/N1303K, and
R553X/2789+5G>A CFTR genotypes) after receiving written patient consent. Organoids de-
rived from non-CF (“wild type”) individuals (n = 4) and from F580del/F508del (n = 2) were
used as reference values. This study was conducted in accordance with the local ethical com-
mittee’s rules (CF Center of Verona CRCFC-CFTR050). F580del/F508del organoids were

https://doi.org/10.3390/scipharm94010013

https://doi.org/10.3390/scipharm94010013


Sci. Pharm. 2026, 94, 13 3 of 13

kindly provided by Dr. M.J.C. Bijvelds, Department of Gastroenterology and Hepatology,
Erasmus University Medical Center, Rotterdam, The Netherlands.

2.2. In Vivo Clinical Parameters

Relevant clinical parameters: sweat chloride by Gibson and Cooke method (GCST),
and percentage-predicted FEV1 (ppFEV1) were measured during the study visit on all
participants. The sweat was collected, and the chloride concentration was determined
according to GCST, following the procedure utilized routinely at the CF Center of Verona
following the recommendations from the SIFC working group, September 2017 [27]. Lung
function was assessed by the percentage-predicted FEV1 (ppFEV1) as described [28,29]. All
CF subjects were evaluated before and under CFTR modulator therapies.

2.3. CFTR Modulators

The CFTR modulators VX-770, VX-661, and VX-445 were purchased from Selleckchem
(Houston, TX, USA).

2.4. Rectal Organoids Development, 2D and 3D Cultures

Crypts isolation, rectal organoids cultures, and 3D and 2D cultures were performed as
previously described [30].

2.5. Transepithelial Electrical Resistance (TEER)

Before refreshing the medium, TEER was measured using an EVOM2 epithelial
voltohmmeter (World Precision Instruments, Sarasota, FL, USA). The readings of the
voltohmmeter can be multiplied by the surface area of the Transwell inserts (0.33 cm2) to
calculate the unit area of resistance (Ω.cm2). A TEER value of 400 Ω.cm2 was considered
an index of complete monolayer formation.

2.6. Measurements of CFTR-Mediated Anion Secretory Currents Across Intestinal
Organoid-Derived Monolayers

Electrophysiological measurements were performed directly on the filter using specific
Ussing chambers (P2300) and sliders (P2302T) (Physiologic Instruments, San Diego, CA,
USA) and a voltage clamp EVC4000 (World Precision Instruments, Sarasota, FL, USA). For
transepithelial current measurement, the colonocyte monolayers were incubated with Elexa-
caftor, ELEXA (VX-445, 3 µM), TEZA (VX-661, 3 µM), or vehicle (dimethyl sulfoxide, DMSO,
0.1%) for 20–24 h. Monolayers were bathed in symmetrical Meyler saline solution (pH 7.4)
[10 mM Hepes; 0.3 mM Na2HPO4; 0.4 mM NaH2PO4; 1.0 mM MgCl2; 1.3 mM CaCl2;
4.7 mM KCl; 128 mM NaCl; 20.2 mM NaHCO3; 10 mM D-glucose] for the measurement
of chloride secretion mediated by CFTR. Solutions were maintained at 37 ◦C, and gassed
with 95% O2, 5% CO2. The transepithelial potential difference was clamped at 0 mV with a
VVC-MC8 module (Physiologic Instruments), and the resulting short-circuit current (Isc)
was recorded using a PowerLab 8/35 AD-converter (AD Instruments, Bella Vista, Australia)
and associated software (LabChart v8; AD Instruments, Bella Vista, Australia). First, short-
circuit current reduction was blocked by 100 µM Amiloride (M) stimulus that inhibits the
sodium channel EnaC; then filters were tested with components that act positively on CFTR
activity: 10 µM forskolin (Sigma-Aldrich, Milan, Italy) was applied to both apical (ap) and
basolateral (bl) surfaces along with 0.3 µM VX-770 (Selleckchem, Houston, USA. Capsid
Biotechnology Europe d.o.o.) (ap + bl). The experiment was concluded with the addition
of the CFTR inhibitor, 20µM PPQ-102 (Tocris, Bristol, UK), from the apical and basolateral
sides. In the end, 20 µM ATP (ap + bl) was used to assess filter viability.
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2.7. Statistics

The statistical analysis was performed using a non-parametric test using GraphPad
Prism (Prism v9.5.0, San Diego, CA, USA); p < 0.05 was considered to be statistically
significant. We also directly compared the results of ETI-rescued PDROs’ short-circuit
currents with the sweat test and pulmonary function results from the CF do-nors on ETI
treatment using scatterplots, estimated the Pearson correlation coefficient, and performed
linear regression analysis. The prerequisites for using linear regression analy-sis were
carefully evaluated: Residuals vs. Fitted was used to check the linearity between dependent
variable and the candidate predictors. Random scatter around a horizontal zero line
indicates a good linear fit, while patterns like curves suggest non-linearity. Normal Q-Q
is used to examine whether the residuals are normally distributed, i.e., if re-sidual points
follow the straight dashed line on the quantile–quantile plot (crucial for valid p-values,
especially with small samples), confirmed also by the Shapiro–Wilk test with a p-value of
0.6428. Scale-Location (or Spread-Location) is used to check the homo-geneity of variance
of the residuals (homoscedasticity), which ensures that the mod-el’s standard errors, p-
values, and confidence intervals are reliable, making the statistical inferences trustworthy.
Without heteroscedasticity, the estimated uncertainty (such as confidence intervals) can
become distorted, resulting in possibly erroneous conclusions regarding which variables
are genuinely significant. Horizontal line with equally spread points is a good indication
of homoscedasticity. Residuals vs. Leverage is used to identify influential cases, that is,
extreme values that might influence the regression results when included or excluded from
the analysis.

3. Results
CFTR functional data, for the genotypes W57G/A234D, R74W+V201M+D1270N/CFT-

Rdele22-24, A559T/A5559T, R347P/R347P, L227R/L227R, and F508del/dup.exon1-3, were
collected either from published works [31–36] or experimentally in this study (genotypes
F508del/711+5A, R1162X/3849+10kBC>T, 2183AA>G/N1303K, and R553X/ 2789+5G>A)
and summarized in Table S1. At baseline, only F508del/dup.exon1-3 (S7) presented a good
residual CFTR activity with 24% of WT function. ETI treatment failed to substantially in-
crease CFTR activity in only two genotypes: S6: L227R/L227R and S9: 2183AA>G/N1303K.
For the others, ETI-corrected organoids recovered up to 39% WT function. For instance,
with homozygous F508del organoids, the triple therapy augmented the channel function
12-fold, which corresponds to approximately 35% of WT activity (Figures 1, 2C and S1).
ETI treatment, although modest, increased the CFTR activity, approaching the level
registered for homozygous F508del organoids treated with Lumacaftor/Ivacaftor (LI)
in five genotypes: S2: R74W+V201M+D1270N/CFTRdele22-24, S4: A559T/A559T,
S5: R347P/R347P, S8: R1162X/3849+10kBC>T, and S10: R553X/2789+5G>A.

After an average of 7 (±3) months of ETI treatment, pwCF whose organoids responded
positively to ETI treatment presented an improved clinical status based on two different
clinical parameters: sweat chloride test and lung function as forced expiratory volume in
one second (FEV1%). The mean change in the percentage of predicted FEV1 from baseline
to the last visit of all pwCF in treatment with modulators was +7 (±4) percentage points.
We registered a slight increase in FEV1% predicted values (from +3 to up to +6 percentage
points) in three CF patients (W57G/A234D, A559T/A559T, and R553X/2789+5G>A: S1,
S4 and S10). An increment of FEV1% from +8 to up to +13 percentage points was found
for five CF patients, R74W+V201M+D1270N/CFTRdele22-24 (S2), F508del/711+5A (S3),
F508del/dup.exon1-3 (S7), 2183AA>G/N1303K (S9), and R347P/R347P (S5), compared
to their respective baseline values. The change of predictive FEV1 from baseline for
the subject S6 (L227R/L227R), which features negligible Isc values by Ussing chamber
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assay, was +2 percentage points. For the subject S8 (R1162X/ 3849+10kBC>T) classified as
responder in vitro, the change in FEV1 was minimal: +1 (Figure 2A).

Figure 1. Ex vivo drug response by short-circuit current (Isc) measurements of indicated colonoids un-
der CFTR therapy and vehicle (DMSO; dimethyl sulfoxide). Values are means ± SE * p-value ≤ 0.05,
** p-value ≤ 0.005, **** p-value < 0.0001. Unpaired Student’s t-test. The genotype of each CF
subject reported here is as follows: S1:W57G/A234D; S2:R74W+V201M+D1270N/CFTRdele22-24;
S3: F508del/711+5A; S4: A559T/A559T; S5: R347P/R347P; S6: L227R/L227R; S7: F508del/dup.exon1-
3; S8: R1162X/3849+10kBC>T; S9: 2183AA>G/N1303K; S10: R553X/2789+5G>A; and S11: CF
patients harboring F508del/F508del (used here as reference). Each dot represents a single electro-
physiological measurement. A minimum of three measurements were performed for each condition
and genotype.

Figure 2. Clinical and in vitro parameters of CF patients under modulator therapy (ETI): (A) lung
function parameter (FEV1); (B) sweat chloride levels before and after ETI treatment; (C) ex vivo drug
response by short-circuit current (Isc) measurements of corresponding PDROs before and after treat-
ment with ETI shown in Figure 1, and added here to facilitate comparison (mean values). Wilcoxon
matched-pairs signed rank test. Each CF subject is discriminated as follows: S1: W57G/A234D;
S2: R74W+V201M+D1270N/CFTRdele22-24; S3: F508del/711+5A; S4: A559T/A559T;
S5: R347P/R347P; S6: L227R/L227R; S7: F508del/dup.exon1-3; S8: R1162X/3849+10kBC>T;
S9: 2183AA>G/N1303K; and S10: R553X/2789+5G>A.

For the sweat test, the mean change in sweat chloride concentration from baseline
in vivo treatment was −30,1 (±29) mmol/L, with the recovery in ST being more evident than
with FEV1. Four subjects, A559T/A559T (S4), L227R/L227R (S6), 2183AA>G/N1303K (S9),
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and R553X/2789+5G>A (S10), still presented a pathological sweat test in ETI therapy, with
two of them, S9 and S10, having a reduction of −12 and −16 mmol/L of chloride con-
centration, respectively. The drop in sweat test values for other CF patients was signifi-
cant, making three of them fall into borderline values (F508del/711+5A, R347P/R347P, and
R1162X/3849+10kBC>T: S3, S5 and S8), while the other patients fit in a non-pathological range
(W57G/A234D, R74W+V201M+D1270N/CFTRdele22-24, and F508del/dup.exon1-3: S1, S2,
and S7). The individual changes in sweat chloride concentration are summarized in Figure 2B.

As with patient S4 (A559T/A559T), the treatment with ETI was not followed by
a decrease below 60 mM in sweat chloride, actually remaining over 90 mmol/L, de-
spite a mild increase in FEV1; we wondered whether the drug was present in circula-
tion. We evaluated the plasma drug levels and compared them with those of patient S8
(R1162X/3849+10kBC>T), who exhibited a clear sweat chloride response, with values
decreasing well below 60 mmol/L. In both cases, ETI was clearly detectable at similar
levels (see Supplementary Data: Tables S2 and S3), suggesting that the differing clinical
responses were not due to inadequate drug intake or distribution but were more likely
attributable to differences in ETI efficacy toward the respective CFTR variants. Finally,
we compared the clinical parameters, ST, and FEV1 of each CF subject with the values of
Isc upon ETI treatment. We detected a significant correlation between differences in Isc
with ST values after therapy (Figure 3). The increment in FEV1 for the majority of these
patients was modest, as expected in comparison with ST changes, but significant if we
consider the whole population (Figure 2A). However, these last data do not satisfy three of
the principal assumptions which justify the use of linear regression models, such as linear-
ity and additivity of the relationship between dependent and independent variables, the
homoscedasticity (constant variance) of the errors, and the normality of error distribution.
Given the premises, the forecasts, confidence intervals, and scientific insights yielded by a
regression model may be (at best) inefficient or (at worst) seriously biased or misleading.
Consequently, with this dataset, it was inappropriate to follow the same procedure used
for the data presented in Figure 3.

 

Figure 3. Correlation between in vitro CFTR functional response to ETI treatment (analyzed by
short-circuit current measurements) and in vivo clinical parameters. Pearson correlation between
∆Isc after ETI treatment (minus ∆Isc of fsk of vehicle condition) and absolute changes in sweat
chloride (mmol/L). Each data point (black dots) represents a single CF subject.
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4. Discussion
This study provides real-life data on the analysis of CFTR activity in PDROs as a

preclinical model for checking drug efficacy [26]. We demonstrated that the response to
CFTR modulators measured in the Ussing chamber shows a linear correlation with ST, a
parameter commonly utilized to measure the in vivo outcome of the respective donors in
response to ETI treatment. It is known that the Ussing chamber assay has the advantage of
characterizing any CFTR variants, including those with significant residual function, as it
does not suffer from the ceiling effect typical of FIS analysis [37]. Moreover, 2D organoids
grown in Transwell represent an appropriate system for studying ion transport in Ussing
chambers [25]. Our findings provide further support for considering this platform as a
robust system for testing CFTR modulator drugs.

Interestingly, ETI permitted a minimal recovery of CFTR function for 2183AA>G/N1303K
in vitro, with Isc levels remaining well below 10% of the reference values (non-CF). In this case,
we observed an improvement in the clinical outcome of the donor (based on the improvement
of 10% of FEV1 value) with no improvement in ST. These features align with published data.
Indeed, N1303K is one of the most common among the rare CFTR variants in pwCF, although
it presents similar defects to those of F508del. However, its gating defect was characterized as
more critical, and in vitro responses to CFTR modulators were found to be variable [38,39].
However, several studies reported that some pwCF carrying the N1303K CFTR variant, while
showing a modest response in vitro and no improvement in ST, still show improved FEV1
and overall clinical condition [40]. Other studies indicated a significant improvement in
certain clinical endpoints for some pwCF in the presence of at least one N1303K variant
following treatment with ETI in the absence of a drop of ST below 60 mmol/L [41–43]. These
data suggest that genetic background, along with environmental factors and the impact of
inflammatory conditions, may influence treatment outcomes, highlighting the importance of
a personalized medicine approach. In our case, N1303K is found in trans with a frameshift
mutation 2183AA>G, classified in class I, that affects protein synthesis, resulting in a truncated
non-functional form of protein not amenable to clinically approved CFTR modulators.

For the variants 2789+5G>A and 3849+10kBC>T, the second alleles are represented
by a nonsense variant, R553X and R1162X, respectively, which are expected to produce
a truncated and non-functional protein that is not rescuable with ETI. 2789+5G>A and
3849+10kBC>T are splicing mutations associated with a mild form of CF. This type of
mutation reduces the amount of correctly spliced CFTR mRNA, which in turn leads to
a decrease in the amount of normal and functional CFTR protein [44,45]. Both splicing
variants became eligible for ETI treatment on year 2024 [46,47]. The evaluation of their
currents in Ussing chambers after ETI treatment indicated a recovery of CFTR activity,
corresponding with the reduction in sweat chloride content and a slight improvement in
pulmonary function in both donors during ETI treatment. Other therapeutic agents that
could be more efficient in recovering splicing variants are under investigation [48,49].

The F508del/711+5A genotype was considered a responder in our in vitro analysis.
The donor responds well to ETI therapy, as shown by the clinical outcome markers: a gain
of +13 points in FEV1 and a clear improvement in chloride content in sweat (−65 mmol/L).
This result was expected given the presence of a responsive variant (F508del). The second
allele, which includes a splicing mutation at 711+5A, classified as pathogenic, is not eligible
for modulators. The molecular characterization of the other six genotypes (W57G/A234D,
R74W+V201M+D1270N/CFTRdele22-24, A559T/A559T, R347P/R347P, L227R/L227R, and
F508del/dup.exon1-3) was already reported, and additional information about them can
be found in previous studies [31–34,36]. We will then limit our discussion to their in vitro
and in vivo correlation.
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In this small cohort of ten pwCF, the electrophysiological measurement of their PDROs
indicated that only two of them would likely be non-responsive to ETI, L227R/L227R
and 2183AA>G/N1303K, based on their low level of residual currents compared to the
reference genotypes. These subjects presented a small change in only one of the two in vivo
biomarkers evaluated. For instance, L227R/L227R gained -9 points in the ST, while FEV1 of
2183AA>G/N1303K increased by +10 points during therapy. Both patients presented with
pulmonary function below 41% and persistent pathological values for ST. The other eight
pwCF predicted as responders to ETI in vitro demonstrated an improvement in clinical
parameters, showing changes in both ST and FEV1. However, the ST of A559T/A559T and
R553X/2789+5G>A still fall in the pathological range. Interestingly, for the A559T/A559T
case, the clinical criteria for lung transplant were no longer met after therapy with ETI,
whereas the FEV1 value of the patient carrying R553X/2789+5G>A increased from 39% to
45%. Although published data suggest that the L227R and A559T may be non-responsive
to ETI, supported by the in vitro correction data in FRT cell monolayers [50], the patient-
derived rectal organoids revealed a different pattern for A559T [32], considered here as a
potential responder to ETI, while L227R remained a non-responder, emphasizing the value
of using primary cells for functional testing to guide variant-specific treatment decisions.
We then wondered whether there was a correlation between in vitro and in vivo data in
our series. We observed that the delta-Isc of ETI-corrected organoids correlated well with
the reduction in sweat chloride content, consistent with previously reported data [26].

Our cohort illustrates the multifaceted nature of clinical response in cystic fibrosis, as
lung function integrates additional determinants, including airway inflammation, infection
status, and the degree of irreversible structural damage. Importantly, these improvements
occur consistently at the population level. Fidler et al. report that reductions in sweat
chloride levels and improvements in absolute ppFEV1 were not correlated for individual
patients and only appeared when the data from all studies were combined [51]. Lung
function is the result of a complex relationship between different components of the lung
tissue, which is not directly comparable with the sweat glands, as they are not typically
affected by histologic alterations associated with chronic fibrosis, a common feature of
pwCF. In particular, FEV1 changes also depend on age and the level of lung function
impairment, which was not homogeneous in our group of pwCF. As shown by Burgel et al.,
even when ETI produces greater CFTR correction—evidenced by larger reductions in
sweat chloride in individuals with two responsive variants—this does not translate into
proportionally greater improvements in lung function, suggesting that a ceiling effect is
reached due to irreversible structural lung damage and the limited capacity for functional
recovery in advanced CF airway disease [52]. The conditions potentially affecting CFTR
function are surely more complex and difficult to assess directly in lung tissue. Indeed,
we do not know whether in vivo CFTR can be subject to a partial correction, being ex-
posed to specific environmental conditions that are unknown and, therefore, cannot be
properly reproduced in vitro. This hypothesis can be supported by recent studies that
show a positive influence of inflammatory cytokines such as TNF-α+IL-17, which were
shown to enhance CFTR modulator-evoked anion secretion through mechanisms that
raise intracellular Cl− (Na+/K+/2Cl− cotransport) and HCO3

− (carbonic anhydrases and
Na+/HCO3

− cotransport) [53,54] that might act on the residual CFTR function that is still
present in the pwCF analyzed.

This issue is avoided when measuring CFTR activity in sweat glands. The eccrine
sweat glands are the most accessible and stable organs in CF patients because they are
unaffected by infection or inflammation, making them a reliable in vivo readout of CFTR
function [55], with notable exceptions, such as those reported for the N1303K variant.
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Lastly, we have had the opportunity to evaluate the distribution of ETI in vivo in
two of our subjects, as this variable is only rarely assessed. We have confirmed the presence
of similar levels of all the drug components (ETI) in the plasma samples of pwCF S4
(A559T/A559T) and S8 (R1162X/3849+10kBC>T), thus ruling out that this parameter could
be associated with the different extent of ST response in these subjects.

Treating all pwCF to the level of benefit achieved by ETI remains a significant challenge,
particularly for rare genotypes. Despite a relatively low number of subjects involved in
this “real-life” analysis, the results indicate that the theranostic approach is robust enough
to warrant its application. Importantly, the recent expansion of the indication for ETI
and Ivacaftor by the European Medicines Agency (EMA) to include children as young as
two years with at least one non-class I CFTR mutation was supported not only by clinical
trial results, but also by in vitro and real-life evidence. As new combination therapies,
such as the vanzacaftor/tezacaftor/deutivacaftor combination, enter the clinic, robust
preclinical models may prove essential for accelerating the evaluation and approval of
treatments, as they are indicated for responsive variants. Considering a variant responsive
to treatment represents a particularly sensitive issue for individuals with rare genotypes,
where large-scale clinical trials are not feasible. This is especially true when required to
direct the clinician to a choice or to evaluate new treatments in a context closer to real
life than those utilizing cell line models. Personalizing treatments is important, and a
careful cost–benefit analysis must be performed only once studies like the one described
here have thoroughly validated the procedure. It is crucial to provide regulatory entities
with the proper information to facilitate access to the drug for patients who have no
access to standard clinical trials. The possibility of delivering biopsies within 48 h or,
possibly, to cryopreserve them to optimize the logistics, permits the evaluation of samples
from different regions/countries and the optimization of human and material resources
in selected centers to reduce costs associated with the procedure, which remains a main
limitation of the approach that can be well justified by the lack of viable alternatives.

5. Limitation Statement
The main limitations of this study include a relatively small cohort and the hetero-

geneity of the subjects we have had access to; however, we have applied rigorous statistical
procedures and believe that it is important to provide the CF community with real-life data
that can be combined with additional cases and provides key information regarding their
response to treatment and the correlation with theranostic applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/scipharm94010013/s1: Table S1: summary of the features of
the subjects analyzed; Table S2: Mass spectrometry conditions (parent and product ions, declus-
tering potential, DP, and collision energy, CE) used for elexacaftor/ivacaftor/tezacaftor analysis;
Table S3: Ivacaftor, Elexacaftor, and Tezacaftor quantitation (ng/mL) in n = 2 plasma patients.
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CF Cystic fibrosis
CFTR Cystic fibrosis transmembrane conductance regulator
ETI Elexacaftor/tezacaftor/ivacaftor
ST Sweat chloride test
TEER Transepithelial electrical resistance
FEV1 Forced Expiratory Volume in one second
HEMT Highly efficient CFTR modulator therapies
GCST Gibson and Cooke method
EMA European Medicines Agency
pwCF people with cystic fibrosis
Isc Short-circuit current
EnaC Epithelial sodium channel
Fsk Forskolin
Iva Ivacaftor
Elexa Elexacaftor
Teza Tezacaftor
HEK Human embryonic kidney
FRT Fischer rat thyroid
CFBE41o− Cystic fibrosis bronchial epithelial
NMD Nonsense-mediated decay
PTCs Premature termination codons
pHNE Primary human nasal epithelial cells
2D Two-dimensional culture
3D Three-dimensional culture
LI Lumacaftor/ivacaftor
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