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In cystic fibrosis (CF), deletion of phenylalanine 508 (F508del) in the cystic fibrosis transmembrane conductance regulator
(CFTR) anion channel causes misfolding and premature degradation. Considering the numerous effects of the F508del
mutation on the assembly and processing of CFTR protein, combination therapy with several pharmacological correctors
is likely to be required to treat CF patients. Recently, it has been reported that thymosin α-1 (Tα-1) has multiple beneficial
effects that could lead to a single-molecule-based therapy for CF patients with F508del. Such effects include suppression
of inflammation, improvement in F508del-CFTR maturation and gating, and stimulation of chloride secretion through the
calcium-activated chloride channel (CaCC). Given the importance of such a drug, we aimed to characterize the
underlying molecular mechanisms of action of Tα-1. In-depth analysis of Tα-1 effects was performed using well-
established microfluorimetric, biochemical, and electrophysiological techniques on epithelial cell lines and primary
bronchial epithelial cells from CF patients. The studies, which were conducted in 2 independent laboratories with identical
outcome, demonstrated that Tα-1 is devoid of activity on mutant CFTR as well as on CaCC. Although Tα-1 may still be
useful as an antiinflammatory agent, its ability to target defective […]
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Introduction
Cystic fibrosis (CF), the most frequent genetic disease in the Caucasian population (1 child affected in nearly 
3,000 births), causes meconium ileus, deterioration of lung function, pancreatic insufficiency, and male infertil-
ity (1). CF is caused by loss-of-function mutations in the gene encoding the cystic fibrosis transmembrane con-
ductance regulator (CFTR) (2), an ATP-binding cassette (ABC) transporter expressed at the apical membrane 
of many epithelia, which functions as an ATP-gated anion channel (3). Approximately 2,000 mutations, most 
of them being very rare, have been identified in the CFTR gene (http://www.genet.sickkids.on.ca/app), but 
only a subset of them lead to a defective protein or manifest as a clinical phenotype (4).

The most common CF mutation (~60% of  all CF alleles worldwide with relevant ethnic variability) 
is the deletion of  phenylalanine 508 (F508del). This mutation reduces the intrinsic stability of  the first 
nucleotide-binding domain (NBD1) and perturbs interactions between NBD1 and NBD2 as well as those 
between NBD1 and the membrane-spanning domains (MSDs) (5). Such abnormalities lead to misfolding 
of  F508del-CFTR, ubiquitination in the endoplasmic reticulum (ER), and premature degradation by the 
proteasome (6, 7). A small fraction of  F508del-CFTR molecules reaches the plasma membrane but exhibits 
reduced stability (8) and defective channel gating (9).

To address the basic defects of  F508del-CFTR, 2 different types of  molecules are required, namely 
CFTR correctors to increase the amount F508del-CFTR protein at the plasma membrane, and CFTR 
potentiators to improve channel gating (i.e., function) (5, 10). A combination drug containing 1 corrector 
and 1 potentiator can restore transepithelial chloride transport to CF airway epithelia expressing F508del-
CFTR, improving hydration and restoring mucociliary clearance (11). At present, 2 drugs targeting mutant 
CFTR are available for CF patients: the CFTR corrector lumacaftor (VX-809) and the CFTR potentiator 

In cystic fibrosis (CF), deletion of phenylalanine 508 (F508del) in the cystic fibrosis transmembrane 
conductance regulator (CFTR) anion channel causes misfolding and premature degradation. 
Considering the numerous effects of the F508del mutation on the assembly and processing of 
CFTR protein, combination therapy with several pharmacological correctors is likely to be required 
to treat CF patients. Recently, it has been reported that thymosin α-1 (Tα-1) has multiple beneficial 
effects that could lead to a single-molecule-based therapy for CF patients with F508del. Such 
effects include suppression of inflammation, improvement in F508del-CFTR maturation and 
gating, and stimulation of chloride secretion through the calcium-activated chloride channel 
(CaCC). Given the importance of such a drug, we aimed to characterize the underlying molecular 
mechanisms of action of Tα-1. In-depth analysis of Tα-1 effects was performed using well-
established microfluorimetric, biochemical, and electrophysiological techniques on epithelial cell 
lines and primary bronchial epithelial cells from CF patients. The studies, which were conducted in 
2 independent laboratories with identical outcome, demonstrated that Tα-1 is devoid of activity on 
mutant CFTR as well as on CaCC. Although Tα-1 may still be useful as an antiinflammatory agent, 
its ability to target defective anion transport in CF remains to be further investigated.
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ivacaftor (VX-770) (11, 12). While the mechanism of  action of  VX-809 is still under investigation, it has 
been demonstrated that VX-770 potentiates CFTR function in a phosphorylation-dependent but ATP-inde-
pendent manner (13) by promoting decoupling between the gating cycle and ATP hydrolysis cycle (14). Iva-
caftor is approved for use with 33 CF mutations that disrupt gating and/or reduce function (https://www.
fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm559212.htm). For the more predominant 
population of  CF patients homozygous for F508del-CFTR, the less effective lumacaftor-ivacaftor combina-
tion therapy (Orkambi) is available (15).

CFTR potentiators are believed to directly bind to mutant CFTR, favoring channel opening (10). By 
contrast, some CFTR correctors act as pharmacological chaperones while others are proteostasis regula-
tors (16–18). Pharmacological chaperones act by stabilizing specific CFTR domains and/or improving the 
interactions of  different CFTR domains (19). Proteostasis regulators modulate the proteostasis environ-
ment, leading to beneficial effects on CFTR processing and plasma membrane stability (17). Regardless 
of  their mechanism of  action, the use of  a single CFTR corrector is insufficient to achieve therapeutically 
relevant rescue of  F508del-CFTR (19, 20). Early studies of  CFTR correctors identified a threshold in the 
maximal correction achieved with a single drug of  about 20% wild-type (WT) CFTR function (21, 22). 
An explanation for the limited effectiveness of  first-generation CFTR correctors is the presence of  mul-
tiple defects caused by the F508del mutation, a situation that requires combinations of  correctors having 
complementary mechanisms of  action to achieve very effective mutant CFTR rescue (23, 24).

Very recently, it has been reported that thymosin α-1 (Tα-1), a naturally occurring polypeptide acting 
as an immunomodulator (25), represents a potential single-molecule-based therapy for cystic fibrosis (26). 
Indeed, Romani and colleagues showed that Tα-1 reduces inflammation and increases CFTR maturation, 
stability, and activity, thus completely reverting pathological phenotypes due to F508del-CFTR mutants, 
both in vitro, in the CFBE41o- cell line and in human primary bronchial epithelia, and in vivo, in a CF 
mouse model (26). Such a drug would be of  primary importance for CF patients. Tα-1 also appeared to 
promote the function of  the compensatory calcium-activated chloride channel (CaCC). This type of  activ-
ity could make Tα-1 also suitable for the therapy of  all CF patients, irrespective of  their CFTR genotype. To 
characterize the mechanism of  action of  Tα-1, we have undertaken an in-depth analysis of  its activity using 
well-established biochemical and functional methods, conducted in 2 independent laboratories. Contrary 
to expectations, our results indicate that Tα-1 is devoid of  activity on mutant CFTR and CaCC.

Results
Tα-1 does not increase F508del-CFTR expression/function in primary bronchial epithelia derived from CF patients as 
evidenced by electrophysiological and biochemical techniques. It has been reported that 24-hour treatment with 
Tα-1 causes an increase in the expression of  mature (fully glycosylated) CFTR, paralleled by an increase 
in CFTR function and potentiation of  CaCC activity (as evidenced by microfluorimetric and electrophysi-
ological assays including short-circuit current measurements and patch-clamp analysis) (26). We tested Tα-1 
on well-differentiated primary cultures of  human bronchial epithelial cells from 3 different F508del homo-
zygous subjects by using electrophysiological and biochemical techniques (Figure 1). To this end, bronchial 
cells were seeded on permeable supports and cultured until cells polarized and differentiated under air-liquid 
interface conditions. Bronchial epithelia were then treated for 24 hours (Figure 1, A–F) and 48 hours (Figure 
1, G and I) with DMSO vehicle alone, with Tα-1 (100 ng/ml) or scrambled peptide (100 ng/ml), or with 
VX-809 (3 μM). In parallel, we also treated bronchial epithelia with cysteamine (250 μM), whose corrector 
activity occurs through the same pathway involved in the rescue of  F508del-CFTR by Tα-1 (27, 28). After 
treatment, epithelia were mounted in Ussing chambers for measurement of  chloride secretion by short-circuit 
current analysis (Figure 1, A–E). After blocking Na+ current with amiloride, cells treated with DMSO vehicle 
alone or scrambled peptide showed little CFTR function, as indicated by the response to the membrane-
permeant cAMP analog CPT-cAMP and the potentiator VX-770. The low activity of  F508del-CFTR in the 
apical membrane was confirmed by the relatively small current drop caused by the selective CFTR inhibitor, 
CFTRinh-172 (29). Conversely, stimulation with UTP elicited a marked transient response that corresponds 
to activation of  CaCCs. As expected, incubation with VX-809 (3 μM), a well-known corrector of  F508del-
CFTR (11) at 37°C for 24 hours resulted in significant F508del-CFTR rescue. This is evident from the large 
current increase elicited by the addition of  CPT-cAMP and VX-770 and the amplitude of  the block caused by 
CFTRinh-172. As also expected, no differences were observed in the amplitude of  the UTP-stimulated current, 
which reflects the activation of  CaCCs. Intriguingly, epithelia treated with Tα-1 showed no significant change 
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Figure 1. Evaluation of thymosin α-1 (Tα-1) effect on F508del-CFTR activity and expression pattern on human primary bronchial epithelia  (HBE) 
derived from CF patients. (A) Representative traces from Ussing chamber recordings of HBE derived from a homozygous F508del patient (donor code 
BE93) following a 24-hour treatment with DMSO alone (0.1%), scrambled peptide (100 ng/ml + 0.1% DMSO), Tα-1 (100 ng/ml + 0.1% DMSO), VX-809 (3 
μM), Tα-1 plus VX-809, or cysteamine (250 μM). (B–E) Dot plots summarizing CFTR-mediated (B and D) and CaCC-mediated (C and E) currents from Ussing 
chamber recordings of HBE derived from 2 homozygous F508del patients (B and C, donor code BE91; D and E, donor code BE115) treated as described in A. 
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in CFTR-dependent and CaCC-dependent function as compared with DMSO- or scrambled peptide–treated 
epithelia (Figure 1, A–E). For comparison, epithelia treated for 24 hours with 10 ng/ml IL-4, a strong inducer 
of  TMEM16A, the protein responsible for CaCC function (30), displayed a 10-fold increase in the UTP-
dependent current (Figure 1, C and E).

We also investigated mutant CFTR maturation in the same F508del/F508del bronchial epithe-
lia. To this end, epithelia were treated for 24 or 48 hours with test compounds, lysed and analyzed, 
after separation by SDS-PAGE, by Western blotting (Figure 1F). In Western blots, CFTR protein is 
detected as 2 bands, named B and C, of  approximately 150 and 170 kDa, respectively. Band B corre-
sponds to partially glycosylated CFTR residing in the ER. Band C is instead the mature fully processed 
CFTR that has passed through the Golgi. The prevalent form in cells expressing WT CFTR is band C. 
Lysates of  cells expressing F508del-CFTR show primarily band B, consistent with the severe traffick-
ing defect caused by the mutation. In agreement with functional data, we observed an increase in the 
expression of  the mature form of  CFTR following treatment of  epithelia with VX-809 as compared 
with control conditions (epithelia treated with DMSO or scrambled peptide; see Figure 1F). However, 
no detectable change in the appearance of  band C was observed following treatment of  epithelia 
with Tα-1. Intriguingly, treatment of  primary bronchial epithelia with Tα-1 did not elicit indoleamine 
2,3-dioxygenase 1 (IDO-1) expression (Figure 1F). However, a marked increase of  this enzyme could 
be detected following a 24-hour incubation with IFN-γ (100 U/ml), as described in the literature by 
our and other research groups (31, 32). Concomitantly, incubation with IFN-γ downregulated CFTR 
expression (Figure 1F), as previously reported (33, 34). Similar functional and biochemical results 
were obtained independently by a second laboratory (Martina Gentzsch and colleagues, University 
of  North Carolina at Chapel Hill) performing short-circuit current measurements (Figure 1, G–I) 
and Western blot analysis (Figure 1J) on human bronchial epithelia derived from 2 different F508del 
homozygous CF patients.

Tα-1 does not increase F508del-CFTR function as determined by the YFP-based microfluorimetric assay in immor-
talized bronchial CFBE41o- cells. We then tested the ability of  Tα-1 to rescue mutant CFTR on immortalized 
bronchial cells, the CFBE41o- bronchial epithelial cell line, stably expressing F508del-CFTR (35). Indeed, 
endogenous CFTR expression in parental CFBE41o- cells is negligible. F508del-CFTR CFBE41o- cells 
were subsequently engineered to stably express the halide-sensitive yellow fluorescent protein (HS-YFP). 
This cell line has been extensively used by our group to identify and characterize various CFTR modu-
lators, including proteostasis regulators (36–40). CFBE41o- cells, coexpressing F508del-CFTR and HS-
YFP, plated on 96-well plates, were treated for 24 hours with vehicle alone (DMSO), Tα-1 (25, 50, 100, 
or 200 ng/ml, all containing the same amount of  DMSO), scrambled peptide (100 ng/ml, also contain-
ing DMSO), or cysteamine (250 μM). As a positive control, we treated cells with VX-809 (3 μM). We 
also tested combined treatment with VX-809 (3 μM) plus Tα-1 at different concentrations. After 24 hours, 
F508del-CFTR activity in the plasma membrane was assessed by measuring the rate of  HS-YFP quenching 
caused by iodide influx into cells (Figure 2A). Corrector VX-809 caused a marked increase in the rate of  
fluorescence quenching as compared with control conditions (Figure 2A). In contrast, the YFP quench-
ing rate was unaltered in cells treated with Tα-1 alone or Tα-1 plus VX-809 as compared with cells treated 
with scrambled peptide or VX-809 alone, respectively (Figure 2A). Similarly, cysteamine was not effective 
in rescuing F508del-CFTR activity (Figure 2A). We then tested the same compounds on a second cell line 
widely used to study CFTR modulators, FRT cells stably overexpressing F508del-CFTR (21, 22), obtaining 
similar results (Figure 2B).

Mean values ± SD are shown (n = 3–6). **P < 0.01 versus negative control by ANOVA. (F) Biochemical analysis of the F508del-CFTR expression pattern. 
The figure shows the electrophoretic mobility of F508del-CFTR in HBE from a F508del homozygous patient (BE93), treated for 24 hours with indicated 
compounds (concentrations as in A) or with IFN-γ (100 U/ml). Arrows indicate complex-glycosylated (band C) and core-glycosylated (band B) forms of 
CFTR protein. The lower panel shows indoleamine 2,3-dioxygenase 1 (IDO-1) expression in the same samples. Similar results were obtained from epithelia 
derived from 3 different homozygous F508del patients. (G) Representative traces from Ussing chamber recordings of HBE derived from 2 different homo-
zygous F508del patients performed in a second independent laboratory. Epithelia cultures were treated with vehicle (DMSO), cysteamine (250 μM), Tα-1 
(100 ng/ml), VX-809 (5 μM), cysteamine plus VX-809, or Tα-1 plus VX-809 for 48 hours. (H and I) Dot plots summarizing CFTR-mediated currents from 
Ussing chamber recordings of HBE derived from 2 homozygous F508del patients (H, donor code KK012B; I, donor code KKCFFT004K) treated as described 
in G. Analysis of variance was calculated for the groups. Mean values ± SD are shown (n = 4). *P < 0.05 versus negative control by ANOVA. (J) Biochemical 
analysis of the F508del-CFTR expression pattern in HBE from a F508del homozygous patient, treated for 48 hours as indicated in G. To enhance detection 
of band C, CFTR was immunoprecipitated from lysates with rabbit anti-CFTR antibody 155 and then detected by Western blot analysis utilizing antibody 
CFFT-596. Arrows indicate complex-glycosylated (band C) and core-glycosylated (band B) forms of CFTR protein.
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Figure 2. Evaluation of thymosin α-1 (Tα-1) effect on F508del-CFTR activity and expression pattern on immortalized bronchial CFBE41o- cells. (A and B) 
Box-and-whisker plot showing F508del-CFTR activity in CFBE41o- cells (A) or FRT cells (B) based on the YFP assay, showing iodide influx in the presence or 
absence of F508del-CFTR function rescue in cells treated for 24 hours with DMSO alone (0.1%), scrambled peptide (100 ng/ml + 0.1% DMSO), Tα-1 (100 ng/ml 
+ 0.1% DMSO), VX-809 (3 μM), or Tα-1 plus VX-809. The bounds of the box are the 25th and 75th percentiles, the central line is the median, and the whiskers 
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Tα-1 does not improve the maturation of  F508del-CFTR in immortalized CFBE41o- bronchial epithelial cells. 
The maturation of  F508del-CFTR was also investigated in CFBE41o- cells. As expected, lysates of  cells 
expressing F508del-CFTR showed primarily band B, consistent with the severe trafficking defect caused by 
the mutation (Figure 2C). No bands were detected in parental CFBE41o- cells, consistent with the loss of  
endogenous CFTR expression in this cell line. To evaluate the effect of  Tα-1 on F508del-CFTR protein, we 
treated CFBE41o- (expressing F508del-CFTR) with DMSO, with Tα-1 (100 ng/ml) or scrambled peptide 
(100 ng/ml), or with VX-809 (3 μM). The following day, cells were lysed and lysates were analyzed by 
SDS-PAGE followed by Western blotting (Figure 2C). For each lane, CFTR bands, analyzed as regions of  
interest (ROI), were quantified after normalization to GAPDH to account for total protein loading. Treat-
ment of  F508del-CFTR cells with corrector VX-809 markedly enhanced expression of  mature CFTR (band 
C). However, no differences were observed following incubation with Tα-1 (Figure 2C).

Tα-1 does not modify F508del-CFTR subcellular localization. We further analyzed the rescue of  F508del-
CFTR using immunofluorescence in CFBE41o- cells. To immunodetect CFTR we used the Cystic Fibrosis 
Foundation Therapeutics (CFFT) antibody 570 (41–45). As expected, in parental CFBE41o- cells it was 
not possible to detect any protein expression. In contrast, in CFBE41o- cells expressing WT CFTR, a 
marked staining of  the cell periphery was observed, in agreement with a predominant localization of  the 
protein in the plasma membrane. In CFBE41o- cells expressing F508del-CFTR, the signal appeared to be 
largely localized to intracellular compartments (Figure 2D). In F508del-CFTR CFBE41o- cells treated with 
Tα-1 (100 ng/ml) the localization of  the mutant was similar to the one observed in vehicle-treated cells. 
Only following treatment with VX-809 was the pattern of  F508del-CFTR expression modified, consisting 
of  an enhanced localization to the plasma membrane (Figure 2D).

Tα-1 does not alter F508del-CFTR or CaCC currents as evidenced by single-cell electrophysiological tech-
niques. To further investigate the effect of  Tα-1 on the expression and function of  mutant CFTR and 
CaCCs, we performed experiments using the whole-cell patch-clamp technique on CFBE41o- cells 
stably expressing F508del-CFTR. These cells also have endogenous expression of  CaCCs, i.e., TME-
M16A (30). We incubated the cells for 24 hours with VX-809 (3 μM), Tα-1 (100 ng/ml), or scrambled 
peptide (100 ng/ml). During patch-clamp recordings, the cells were acutely stimulated with forskolin 
(20 μM) plus genistein (30 μM) to fully activate F508del-CFTR in the plasma membrane. In cells 
treated with VX-809, this stimulation led to the appearance of  membrane currents with linear current-
voltage relationships as expected for CFTR channels (Figure 3, A and B). Furthermore, the rever-
sal potential of  such currents was close to –40 mV, in agreement with the activity of  a Cl–-selective 
conductance under our experimental conditions (151 mM Cl– extracellular, 30 mM Cl– intracellular). 
Importantly, such currents were markedly reduced and the reversal potential shifted to zero upon addi-
tion of  CFTRinh-172. In contrast, cells treated with Tα-1 (100 ng/ml) were indistinguishable from those 
treated with the scrambled peptide. Indeed, there was negligible response to the stimulating cocktail 
and to CFTRinh-172 (Figure 3, A and B). Importantly, the reversal potential in cells treated with Tα-1 
was essentially close to zero as in control-treated cells, irrespective of  stimulation with forskolin/genis-
tein or inhibition with CFTRinh-172. Such results indicate negligible rescue by Tα-1.

To study CaCC function, we acutely stimulated CFBE41o- cells with ionomycin (500 nM), an iono-
phore that increases intracellular Ca2+ concentration. Ionomycin elicited voltage-dependent currents 
with the typical appearance of  CaCCs (Figure 3, C and D). Such currents were of  similar amplitude 
irrespective of  treatment (DMSO, Tα-1, or scrambled peptide). Also, niflumic acid (100 μM), a blocker 
of  CaCCs, had a similar effect on all cells (Figure 3, C and D). Such results reveal that Tα-1 is not effec-
tive on CaCC function.

Evaluation of  Tα-1 sequence and its effect on proliferation and apoptosis of  MCF-7 breast cancer cells. Given the 
unexpected negative results, we performed an LC-MS/MS sequence analysis of  the synthetic Tα-1 pep-
tides used for our studies (obtained from 2 different commercial sources). The analysis fully confirmed the 

are the minimum and maximum values (n = 9). *P < 0.05, **P < 0.01 versus negative control by ANOVA. n.s., not significant. (C) Biochemical analysis of the 
F508del-CFTR expression pattern. The figures show the electrophoretic mobility of F508del-CFTR in 2 different preparations of CFBE41o- cells, treated for 
24 hours with the indicated compounds (concentrations as in A). Arrows indicate complex-glycosylated (band C) and core-glycosylated (band B) forms of 
CFTR protein. (D) Confocal microscopy images showing immunolocalization of WT-CFTR or F508del-CFTR protein in CFBE41o- cells following 24-hour treat-
ment with DMSO alone (0.1%), Tα-1 (100 ng/ml + 0.1% DMSO), or VX-809 (3 μM), as detected by the anti-CFTR CFFT-570 antibody. Images from parental 
CFBE41o- cells are also shown for comparison. Scale bar: 100 μm.
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sequence of  the synthetic Tα-1 peptides (Supplemental File 1). We then evaluated the effect of  chronic treat-
ment with Tα-1 on the proliferation and apoptosis of  MCF-7 breast cancer cells. Indeed, various research 
groups reported that long-term treatment (72 hours) with Tα-1 (in the 150–500 μM concentration range) 
decreases the proliferation rate of  MCF-7 and causes cell apoptosis (46, 47). Therefore, we plated MCF-7 at 
low density on 96-well plates suitable for confocal high-content imaging and evaluated cell proliferation for 
72 hours following treatment with Tα-1 (100 ng/ml) or scrambled peptide (100 ng/ml). At the end, we coun-
terstained cell nuclei with Hoechst 33342 and propidium iodide to visualize total cell counts and apoptotic 
cell counts, respectively. We found that long-term treatment with Tα-1 caused a 50% decrease in cell prolif-
eration, as compared with the control condition (Figure 4A). At the same time, the number of  apoptotic cells 
increased by 22-fold (Figure 4B). These results are in agreement with the findings of  other authors (46, 47).

Validation of  the CF3 antibody. We wondered whether the lack of  CFTR rescue observed in our labora-
tories using biochemical techniques could be due to the different antibody used as compared with Romani 
and collaborators (26), using CF3 antibody originally developed by Pier and collaborators (48).

We first tested the CF3 antibody in CFTR immunolocalization studies. The CF3 antibody was used under 
the same conditions used by Romani and collaborators (26). Surprisingly and unexpectedly, the CF3 antibody 

Figure 3. Evaluation of thymosin α-1 (Tα-1) effect on F508del-CFTR and CaCC channel currents performed by whole-cell patch-clamp analysis on immor-
talized bronchial CFBE41o- cells. (A) Representative whole-cell membrane currents and corresponding current–voltage relationships from patch-clamp 
experiments on F508del-CFTR expressing CFBE41o- cells treated for 24 hours with scrambled peptide (100 ng/ml + 0.1% DMSO), Tα-1 (100 ng/ml + 0.1% 
DMSO), or VX-809 (3 μM). The recordings were performed first on cells under resting conditions, after maximal CFTR stimulation with forskolin (Fsk, 20 μM) 
plus genistein (Gen, 30 μM) and after CFTR inhibition by CFTRinh-172 (1 μM). Each panel shows superimposed currents elicited at membrane potentials in the 
range −100 to +100 mV. (B) Current–voltage relationships corresponding to data from patch-clamp experiments performed as described in A. (C) Representa-
tive whole-cell membrane currents from patch-clamp experiments on CFBE41o- cells treated for 24 hours with DMSO alone (0.1%), scrambled peptide (100 
ng/ml + 0.1% DMSO), or Tα-1 (100 ng/ml + 0.1% DMSO). The recordings were performed after acute treatment with ionomycin (500 nM) to maximally stimu-
late CaCC activity and after CaCC inhibition by niflumic acid (NFA) (100 μM). Each panel shows superimposed currents elicited at membrane potentials in the 
range −100 to +100 mV. (D) Current–voltage relationships corresponding to data from patch-clamp experiments performed as described in C.
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revealed a cytosolic signal that was the same in all cells, regardless of the type of CFTR protein (WT vs. 
mutant) and pharmacological treatment (Figure 5A). In addition, the same signal was also present in parental 
CFBE41o- cells. Therefore, we first decided to confirm CFTR expression levels in the different CFBE41o- cell 
lines as assessed by real-time quantitative PCR (RT-qPCR) analysis. According to our analysis, relative CFTR 
mRNA content (normalized for the transcript abundance of the reference gene β2-microglobulin) in parental, 
WT-, and F508del-CFTR CFBE41o- cell lines are equal to 6 × 10–5, 5.2 × 10–2, and 0.125, respectively. The 
mRNA expression levels confirmed negligible endogenous expression in parental CFBE41o- cells, not compat-
ible with the signal detected by the CF3 antibody.

Then, we compared the CFTR expression pattern recognized by CF3 antibody with those recognized 
by highly CFTR-specific CFFT antibodies 570 and 596 (41–45). Parental CFBE41o- cells and CFBE41o- 
cells with WT-CFTR or F508del-CFTR expression were transfected with nontargeting (NT) or CFTR-spe-
cific siRNAs. After 48 hours, cells were lysed and lysates were analyzed by SDS-PAGE followed by West-
ern blotting (Figure 5B). CFFT antibodies 570 and 596 evidenced 2 bands having the classical appearance 
of  CFTR bands: the sharp band at 150 kDa (corresponding to immature, core-glycosylated CFTR, or band 
B, present in F508del-CFTR cells); and a second, more diffuse, band at 170 kDa, corresponding to mature, 
fully glycosylated CFTR or band C, present in WT-CFTR cells (Figure 5B). Consistently, the intensity of  
the 2 bands was markedly reduced in cells in which CFTR was silenced (Figure 5B). In contrast, the CF3 
antibody evidenced 1 sharp band at 170 kDa that was present in all lysates, irrespective of  CFTR protein 
version/expression and rescue treatment (Figure 5B).

We also carried out CFTR immunoprecipitation experiments in lysates of  parental CFBE41o- cells and 
CFBE41o- cells with WT-CFTR or F508del-CFTR expression. For this purpose, cells were previously kept 
under control condition or corrected with VX-809. Immunoprecipitates performed with the anti-CFTR 
H182 antibody were analyzed by Western blot using the CF3 or the CFFT 596 antibodies in parallel (Fig-
ure 5C). Also in this case, the CFFT 596 antibody detected 2 bands resembling the 2 CFTR forms, consis-
tent with the CFTR expression status of  the cells analyzed (Figure 5C). Instead, the CF3 antibody detected 
a single band that was identical in all samples, including the negative control in which the immunopre-
cipitation step was performed in the absence of  the anti-CFTR antibody (Figure 5C). We also performed 
immunoprecipitation using the CF3 antibody, followed by Western blotting using the CFFT 596 antibody 
(Figure 5C). The blot demonstrated that the CF3 antibody indeed immunoprecipitated CFTR, which was 
revealed by the CFFT 596 antibody (Figure 5C).

Finally, we carried out cell surface biotinylation experiments to assess CFTR expression at the plasma 
membrane detected by CFFT antibody 596 and CF3. Western blot performed on the biotinylated fraction with 
the CFFT 596 antibody revealed that, in cells expressing WT CFTR, the mature form was prevalent, while 
cells expressing F508del-CFTR expressed minor levels of immature CFTR on their surface (Figure 5D). This is 
not surprising, as it has been demonstrated that immature CFTR can traffic to the plasma membrane through 
the unconventional secretion route (39, 49). Importantly, the levels of mature CFTR available for biotinylation 
were markedly increased following treatment with VX-809 in F508del-CFTR–expressing cells (Figure 5D). The 
bands detected in whole lysates by CFFT 596 were consistent with those detected in the biotinylated fraction. In 
contrast, when Western blot was performed on the biotinylated fraction with the CF3 antibody, a very faint band 
could be detected at 250 kDa in the lanes corresponding to parental and F508del-CFTR CFBE41o- cells, while 

Figure 4. Evaluation of thymosin α-1 (Tα-1) effect on proliferation and 
apoptosis of MCF-7 breast cancer cells. (A) Dot plot showing proliferation of 
MCF-7 cells after 72-hour treatment with Tα-1 (100 ng/ml) or scrambled peptide 
(100 ng/ml, control). (B) Dot plot showing the number of apoptotic MCF-7 cells 
after 72-hour treatment with Tα-1 (100 ng/ml) or scrambled peptide (100 ng/
ml, control). Mean values ± SD are shown (n = 26). **P < 0.01 versus negative 
control by ANOVA.
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Figure 5. Validation of CF3 antibody. (A) Confocal microscopy images showing immunolocalization of WT-CFTR or F508del-CFTR protein in CFBE41o- 
cells following 24-hour treatment with DMSO alone (0.1%) or VX-809 (3 μM), as detected by the CF3 antibody. Images from parental CFBE41o- cells 
are also shown for comparison. Scale bar: 100 μm. (B) Biochemical analysis of CFTR expression pattern in whole lysates from CFBE41o- cells after 
transfection with nontargeting (NT) or CFTR-specific siRNA (30 nM final concentration). Immunoblot detection was performed with CFFT-570, 
CFFT-596, or CF3 antibody as indicated. (C) Biochemical analysis of CFTR expression pattern in whole lysates and corresponding immunoprecipitated 
samples obtained using the anti-CFTR H182 or CF3 antibody. Immunoblot detection of CFTR protein was performed with CFFT-596 or CF3 antibody as 
indicated. (D) Detection by cell surface biotinylation of CFTR forms expressed at the plasma membrane. Immunoblot detection of CFTR (performed 
with CFFT-596 or CF3 antibody as indicated) and control proteins in the biotinylated fraction and in total lysates from CFBE41o- cells. Absence of the 
cytosolic proteins calnexin (CNX) and 14-3-3 in the biotinylated fraction confirms surface protein–specific labeling in each experiment.
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no bands were detected in the lanes corresponding to WT-CFTR and F508del-CFTR CFBE41o- cells treated 
with VX-809. In addition, whole lysates of all the samples displayed the same 170-kDa band that was similar in 
size to mature CFTR, but also present in the parental cells.

Discussion
Pharmacological rescue of  processing and trafficking defects caused by the CFTR F508del mutation is 
a critical goal in CF research. This outcome may be achieved by using pharmacological chaperones that 
directly interact with mutant CFTR to improve its folding and enhance its stability or by blocking activity 
of  proteins that perturb trafficking and promote its premature degradation. However, the maximal cor-
rection achieved by using a single corrector is very limited (21, 22), and combinations of  correctors are 
required to maximize mutant CFTR rescue (23, 24). The finding by Romani and collaborators (26) that 
the naturally occurring peptide Tα-1 may constitute a single-drug therapy for CF has caught the atten-
tion of  the CF scientific community and, more importantly, of  CF patients. Indeed, this finding has been 
diffusely reported in the press, creating great expectations (see for example, http://cysticfibrosis.com/
thymosin-alpha1/).

Given our interest in the mechanisms involved in CFTR processing and rescue, we were committed 
to perform in vitro studies aiming to analyze in detail the mechanism of  action of  Tα-1 as F508del-CFTR 
corrector, using well-established microfluorimetric, biochemical, and electrophysiological techniques and 
validated reagents that are widely used by the CF scientific community. We performed functional analysis 
of  Tα-1 activity as F508del-CFTR corrector by means of  the microfluorimetric assay based on the HS-YFP 
that has been extensively used to investigate various rescue maneuvers (36–40) and by means of  whole-cell 
patch-clamp analyses. In parallel, we also performed immunolocalization experiments and biochemical 
analyses of  the electrophoretic mobility of  the different CFTR forms expressed by the cells under resting 
conditions or following treatment with Tα-1. The results obtained with the different techniques unequivo-
cally demonstrated that, in our hands, Tα-1 has no effect on F508del-CFTR maturation, trafficking to the 
plasma membrane, and function in immortalized bronchial CFBE41o- cells. We also evaluated the effect 
of  Tα-1 on F508del-CFTR processing and function on well-differentiated primary cultures of  human bron-
chial epithelial cells from F508del homozygous patients by using electrophysiological and biochemical 
techniques. The analyses were performed in 2 independent laboratories, and demonstrated the lack of  a 
Tα-1 effect both on mutant CFTR maturation, and on CFTR-mediated transepithelial chloride secretion. It 
is interesting to note that we tested cysteamine, a small molecule that has been proposed to rescue F508del-
CFTR with a mechanism in common with Tα-1 (26). Cysteamine was also ineffective in our experiments.

As described by Romani and collaborators, the pleiotropic effect of Tα-1 on epithelial anion transport should 
also involve an increase in the expression/function of CaCCs (26). This is a very important effect because it 
could also be useful to treat patients with other mutations instead of F508del. Indeed, stimulation of a compen-
satory anion channel could circumvent the CF basic defect, irrespective of the mutations carried by the patient 
in the CFTR gene. However, we did not observe changes in CaCC activity, as evaluated by electrophysiological 
techniques in immortalized bronchial CFBE41o- and well-differentiated CF primary bronchial epithelia.

It should be noted that failure to reproduce the results obtained by Romani and collaborators, at 
least at the biochemical level, can be due to the use of  specific reagents. Indeed, an in-depth analysis 
of  the CF3 antibody, used by Romani and collaborators, revealed that this antibody is not suitable for 
immunofluorescence or Western blot analysis of  whole-cell lysates or enriched CFTR samples (i.e., 
immunoprecipitates or cell surface biotinylated fractions). Indeed, CF3 also appeared to detect other 
targets unrelated to CFTR expression. Our studies revealed that CF3 can be used for immunoprecipi-
tation, provided that CFTR is then detected by Western blot using well-established antibodies such 
as those provided by John R. Riordan (University of  North Carolina at Chapel Hill) in collaboration 
with the CFFT (41–45). The importance of  verifying the reagents has also recently been highlighted 
by a notice of  the NIH for considering funding (see https://grants.nih.gov/grants/guide/notice-files/
NOT-OD-17-068.html).

In conclusion, our findings do not confirm the beneficial effects of  Tα-1 on mutant CFTR rescue or 
compensatory anion channels. However, it is important to note that our studies did not evaluate the impact 
of  Tα-1 as an antiinflammatory agent for CF disease. Therefore, the attenuation of  pathological pheno-
types observed by Romani and collaborators in the CF mouse model may be related to such activity, and 
not to CFTR rescue.
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Methods
Cell culture. CFBE41o- cells stably expressing WT CFTR or F508del-CFTR alone or together with HS-YFP 
(YFP-H148Q/I152L) were generated as previously described (35). Culture medium for CFBE41o- cells 
was as follows: MEM supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/
ml streptomycin. For fluorescence assays of  CFTR activity, CFBE41o- cells were plated (50,000 cells/well) 
on clear-bottom 96-well black microplates (Corning Life Sciences).

MCF-7 (human breast adenocarcinoma cell line; ATCC) were cultured in DMEM medium supple-
mented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin.

The methods for isolation, culture, and differentiation of  primary bronchial epithelial cells were pre-
viously described in detail (ref. 30; for the laboratory at the Istituto Giannina Gaslini). Briefly, epithelial 
cells were obtained from mainstem human bronchi, derived from CF individuals undergoing lung trans-
plant. For this study, cells were obtained from 3 CF patients (homozygous for F508del mutation). Cells 
were detached by overnight incubation of  bronchi at 4°C in a protease XIV–containing solution. Epithelial 
cells were then cultured in a serum-free LHC9-based medium supplemented with various hormones and 
supplements that favor cell number amplification. For cells derived from CF patients, the culture medium 
contained in the first days a complex mixture of  antibiotics (usually colistin, piperacillin, and tazobactam) 
to eradicate bacteria.

To obtain differentiated epithelia, cells were seeded at high density on porous membranes (12-mm 
Snapwell inserts, Corning, code 3801). After 24 hours, the serum-free medium was replaced with DMEM/
Ham’s F12 containing 2% FBS plus hormones and supplements. Differentiation of  cells into a tight epithe-
lium was checked by measuring transepithelial electrical resistance and potential difference with an epithe-
lial voltohmmeter (EVOM1, World Precision Instruments). The medium was replaced daily on both sides 
of  the permeable supports up to 3–5 days (liquid-liquid culture), and then maintained at air-liquid interface 
for an additional 12 days.

Alternatively, bronchial epithelia cells were cultured as previously described (ref. 50; for the laboratory 
at the University of  North Carolina at Chapel Hill) and seeded on Millicell inserts (12-mm Millipore inserts 
PICM01250) and maintained at air-liquid interface for 18 days in serum-free BEBM/DMEM (1:1)–based 
media (51) supplemented with BEGM SingleQuot (Lonza).

Short-circuit current recordings. Snapwell inserts carrying differentiated bronchial epithelia were mounted 
in a vertical diffusion chamber resembling a Ussing chamber with internal fluid circulation. Both apical and 
basolateral hemichambers were filled with 5 ml of  a solution containing (in mM): 126 NaCl, 0.38 KH2PO4, 
2.13 K2HPO4, 1 MgSO4, 1 CaCl2, 24 NaHCO3, and 10 glucose. Both sides were continuously bubbled 
with a gas mixture containing 5% CO2/95% air and the temperature of  the solution was kept at 37°C. The 
transepithelial voltage was short-circuited with a voltage-clamp (DVC-1000, World Precision Instruments) 
connected to the apical and basolateral chambers via Ag/AgCl electrodes and agar bridges (1 M KCl in 1% 
agar). The offset between voltage electrodes and the fluid resistance were adjusted to compensate param-
eters before experiments. The short-circuit current (ISC) was recorded with a PowerLab 4/25 (ADInstru-
ments) analog-to-digital converter connected to a Macintosh computer.

For bronchial epithelia grown on Millicells a VCC MC8 multichannel voltage clamp was utilized, and 
ISC was measured with Acquire & Analyze Software (Physiologic Instruments) and ISC traces were imported 
to Origin 9.0.0. (OriginLab Corporation).

Whole-cell patch-clamp recordings. Whole-cell membrane currents were recorded in CFBE41o- cells stably 
expressing F508del-CFTR channels. The extracellular (bath) solution had the following composition: 145 mM 
NaCl, 4 mM CsCl 1 mM CaCl2, 10 mM glucose, and 10 mM TES (pH 7.4). For CFTR currents the pipette 
(intracellular) solution contained 113 mM L-aspartic acid, 113 mM CsOH, 27 mM CsCl, 1 mM NaCl, 1 mM 
MgCl2, 1 mM EGTA, and 10 mM TES (pH 7.2) plus 3 mM ATP. For CaCC currents pipettes were filled with 
130 mM CsCl, 10 mM EGTA, 1 mM MgCl2, 8 mM CaCl2, and 10 mM HEPES.

After a 24-hour incubation with Tα-1 peptide, scrambled peptide, or corrector VX-809 (all containing 
the same amount of  DMSO), stimulation of  CFTR-mediated currents was evoked by perfusion with 20 μM 
forskolin, an adenylyl cyclase activator, plus the potentiator genistein (30 μM). Afterwards, CFTRinh-172 (1 
μM) was applied by extracellular perfusion, while CaCC currents were stimulated using 500 nM ionomycin 
and blocked with 100 μM niflumic acid.

During experiments, the membrane capacitance and series resistance were analogically compensated using 
the circuitry provided by the EPC7 patch-clamp amplifier. The usual protocol for stimulation consisted of  

https://doi.org/10.1172/jci.insight.98699


1 2insight.jci.org      https://doi.org/10.1172/jci.insight.98699

R E S E A R C H  A R T I C L E

600-ms-long voltage steps from –100 to 100 mV in 20-mV increments starting from a holding potential of –60 
mV. The waiting time between steps was 4 seconds. Membrane currents were filtered at 1 kHz and digitized at 
5 kHz with an ITC-16 (InstruTECH) AD/DA converter. Data were analyzed using Igor software (Wavemet-
rics) supplemented by custom software provided by Oscar Moran (Istituto di Biofisica - CNR, Genova, Italy).

Fluorescence assay for CFTR. At the time of  the assay, CFBE41o- cells were washed with PBS contain-
ing (in mM) 137 NaCl, 2.7 KCl, 8.1 Na2HPO4, 1.5 KH2PO4, 1 CaCl2, and 0.5 MgCl2. Cells were then 
incubated for 25 minutes with 60 μl of  PBS plus forskolin (20 μM) and VX-770 (1 μM) to maximally 
stimulate F508del-CFTR. Cells were then transferred to a microplate reader (FluoStar Galaxy; BMG 
Labtech) for CFTR activity determination. The plate reader was equipped with high-quality excitation 
(HQ500/20X: 500 ± 10 nm) and emission (HQ535/30M: 535 ± 15 nm) filters for YFP (Chroma Tech-
nology). Each assay consisted of  a continuous 14-second fluorescence reading 2 seconds before and 12 
seconds after injection of  165 μl of  an iodide-containing solution (PBS with Cl– replaced by I–; final 
I– concentration, 100 mM). Data were normalized to the initial background-subtracted fluorescence. To 
determine I– influx rate, the final 11 seconds of  the data for each well were fitted with an exponential 
function to extrapolate initial slope (dF/dt).

Evaluation of  CFTR mRNA level. To evaluate CFBE41o- cell CFTR mRNA, we extracted total RNA 
using both TRIzol reagent (Gibco–BRL) and an RNeasy Mini Kit (Qiagen), both following the manu-
facturers’ instructions. One microgram of  spectrophotometer-quantified RNA was retrotranscribed using 
an iScript RT kit (Bio-Rad). RT-qPCR was carried out using inventoried Assays-on-Demand provided by 
Applied Biosystems. β2-Microglobulin (Hs00187842_m1) served as the reference gene to normalize tran-
script abundance. RT-qPCR was performed using an IQ5 Real-Time PCR Detection System (Bio-Rad). 
Cycling conditions were a 3-minute hot start at 95°C, followed by 40 cycles of  denaturation at 95°C for 30 
seconds, and annealing and extension at 60°C for 30 seconds. mRNA was quantified using the comparative 
CT method. Each sample was run in triplicate, and data were analyzed using IQ5 Optical System software 
(Bio-Rad). Changes in transcript levels were quantified using the comparative CT method (Sequence Detec-
tion System Chemistry Guide, Applied Biosystems).

Peptides. Tα-1 and scrambled peptide were supplied as purified, sterile, lyophilized, acetylated polypeptides 
(CRIBI Biotechnology Center, Peptide Facility, Università di Padova, Italy; named as “Vendor A”). The sequenc-
es were as follows: Ac-SDAAVDTSSEITTKDLKEKKEVVEEAEN-OH (Tα-1) and Ac-AKSDVKAETSSE-
IDTTELDEKVEVKANE-OH (scrambled peptide). For in vitro studies, peptides were dissolved in DMSO. As 
an additional alternative source, Tα-1 peptide was purchased from Abcam (ab42247; named as “Vendor B”).

LC-MS/MS sequence analysis of  synthetic Tα-1 peptides. Synthetic Tα-1 powders were dissolved at 2 
mg/ml in either DMSO (Vendor A) or 0.1% acetic acid (Vendor B), following the Vendor’s indications. 
The sample was then diluted to 10 mg/ml in 3% acetonitrile in water. Two milliliters of  this solution 
was loaded on a nanoAcquity UPLC system coupled to a 5600+ TripleToF mass spectrometer. The 
samples were desalted on a 180 μm × 20 mm nanoAcquity trapping column and then moved to a 75 
μm × 250 mm Picofrit column. Flow rate was set to 300 nl/min. Eluents were A (water + 0.1% formic 
acid) and B (acetronitrile + 0.1% formic acid). The samples were eluted from the column with a linear 
gradient of  B from 3% to 30% in 15 minutes. Peptides were analyzed in positive nanospray ion mode. 
Scan range was set from 400 to 1,500 m/z for MS and from 100 to 1,800 m/z for MS/MS. Charge 
states 3 and 4 precursors were selected for MS/MS. Collision energy profiles were set according to 
SCIEX settings. The nanoUPLC system and the trapping column were purchased from Waters Inc. 
The Picofrit column was purchased from Scientific Instruments Service. The TripleToF mass spec-
trometer was purchased from SCIEX.

Antibodies. The following antibodies were used: mouse monoclonal anti-CFTR (570 and 596, produced, 
quality tested, and provided by J.R. Riordan through a program of  the CFFT; see ref. 44); mouse mono-
clonal anti-CFTR (clone CF3, originally developed by Pier and collaborators [ref. 48], Abcam, ab2784); 
rabbit polyclonal anti-CFTR (clone H182, Santa Cruz Biotechnology) and 155 (targeting the C-terminus of  
CFTR; provided by J.R. Riordan); mouse monoclonal anti–Na+/K+ ATPase α1 (clone C464.6, Millipore); 
rabbit monoclonal anti-calnexin (Abcam, ab22595); rabbit polyclonal anti–14-3-3 zeta (Abcam, ab51129); 
mouse monoclonal anti-GAPDH (clone 6C5, Santa Cruz Biotechnology); rabbit polyclonal anti–β-actin 
(Cell Signaling Technology, 4967); horseradish peroxidase (HRP)–conjugated anti–mouse IgG (Abcam); or 
HRP-conjugated anti-rabbit IgG (DAKO); as well as Alexa Fluor infrared dye–conjugated goat anti-mouse 
and anti-rabbit IgG (Thermo Fisher Scientific).
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Cell surface biotinylation assay. Parental CFBE41o- cells, CFBE41o- cells expressing WT CFTR, or 
CFBE41o- cells expressing F508del CFTR were treated as previously described (39). Briefly, cells were 
seeded on 100-mm dishes. The day after, cells were incubated with vehicle alone (0.1% DMSO) or with 
VX-809 (3 μM). A cell surface biotinylation assay was performed 24 hours later. Briefly, cells were washed 
twice with ice-cold PBS and incubated twice with biotin (0.35 mg/ml in PBS) for 25 minutes each time on 
a shaker at 4°C. After 3 washes in PBS, biotin was quenched with 2 washes in NH4Cl solution (50 mM in 
PBS, 15 minutes each) on a shaker at 4°C. Cells were then washed 3 times in PBS without Ca2+ and Mg2+ 
and then scraped into lysis buffer (50 mM Hepes pH 7, 150 mM NaCl, 1% glycerol, 1% Triton X-100, 1.5 
mM MgCl2, 5 mM EGTA). Cell lysates were collected in an Eppendorf  tube and rocked for 30 minutes 
at 4°C. Nuclei were then pelleted by centrifugation at 10,600 g at 4°C for 20 minutes. Supernatant protein 
concentration was calculated using the BCA assay (Euroclone) following the manufacturer’s instructions. 
Then, an aliquot of  supernatants corresponding to 600 μg of  protein was precipitated by rotating 6 hours 
at 4°C with high-capacity streptavidin agarose resin (Thermo Fischer Scientific), following the manufac-
turer’s recommendation. The resin was then washed with the following solutions: once with lysis buffer, 
twice with buffer 1 (150 mM NaCl, 20 mM Tris-HCl, pH 8, 5 mM EDTA, 1% Triton X-100, 0.2% BSA), 
once with buffer 3 (150 mM NaCl, 20 mM Tris-HCl, pH 8, 5 mM EDTA, 0.5% Triton X-100), and once 
with buffer 4 (50 mM Tris-HCl, pH 8). Biotinylated proteins were eluted from the resin with 4× reducing 
sample buffer and 30 μl of  each sample was resolved in a 4%–15% or 4%–20% gradient Criterion TGX gel 
(Bio-Rad) and analyzed by Western blotting.

Western blot. CFBE41o- cells silenced with indicated siRNAs (30 nM final concentration) or treat-
ed with vehicle alone (0.1% DMSO) or scrambled peptide (100 ng/ml, also containing the same 
amount of  DMSO) or with Tα-1 (100 ng/ml, also containing DMSO) or with VX-809 (3 μM), were 
grown to confluence on 60-mm-diameter dishes and lysed in RIPA buffer containing a complete 
protease inhibitor (Roche). Cell lysates were subjected to centrifugation at 15,300 g at 4°C for 10 min-
utes. Supernatant protein concentration was calculated using the BCA assay (Euroclone) following 
the manufacturer’s instructions. Equal amounts of  protein (10 μg to detect CFTR and GAPDH) were 
resolved in gradient (4%–15% or 4%–20%, depending on target protein molecular weight) Criterion 
TGX precast gels, transferred to nitrocellulose membranes with a Trans-Blot Turbo system (Bio-Rad), 
and analyzed by Western blotting. Proteins were detected using the antibodies described above and 
subsequently visualized by chemiluminescence using the SuperSignal West Femto Substrate (Thermo 
Fisher Scientific). Chemiluminescence was monitored using the Molecular Imager ChemiDoc XRS 
System. Images were analyzed with ImageJ software (NIH). Bands were analyzed as ROI, normal-
ized against the GAPDH loading control. Protein bands labeled with Alexa Fluor infrared dye–con-
jugated IgG were visualized using an Odyssey Infrared Imaging System (LI-COR). See complete 
unedited blots in the supplemental material.

Immunofluorescence/confocal microscopy. Parental CFBE41o- cells (not expressing CFTR) or CFBE41o- 
cells expressing native CFTR or expressing F508del CFTR were seeded (50,000 cells/well) on clear-bottom 
96-well black microplates suitable for high-content imaging. Twenty-four hours after plating, the medium 
was changed and the cells were incubated at 37°C for an additional 24 hours with vehicle alone (0.1% 
DMSO) or scrambled peptide (100 ng/ml, also containing the same amount of  DMSO) or with Tα-1 (100 
ng/ml, also containing the same amount of  DMSO) or with VX-809 (3 μM) prior to fixation.

Cells were washed with PBS and then different protocols were applied depending on the primary 
antibody used to probe CFTR protein. Cells to be probed with anti-CFTR CFFT antibody 570 were 
fixed for 5 minutes with Bouin’s Solution (HT10132, Sigma-Aldrich). After extensive washing with 
PBS, cells were permeabilized with PBS/0.3% Triton X-100  and saturated in 1% BSA in PBS for 2 
hours. Cells to be probed with the CF3 antibody were fixed with 2% formaldehyde for 15 minutes at 
room temperature. Subsequently, cells were permeabilized in PBS containing 5% FBS and 3% BSA 
plus 0.5% Triton X-100 for 5 minutes, and saturated with PBS containing 5% FBS and 3% BSA for 2 
hours. Primary antibodies were incubated overnight at 4°C (CFFT antibody 570, 1:500 in 1% BSA in 
PBS; CF3, 1:100 in PBS containing 5% FBS and 3% BSA). Following incubation with primary anti-
body, cells were rinsed 3 times in PBS and incubated with Alexa Fluor 488 goat anti–mouse IgG(H+L) 
(Life Technologies) secondary antibody diluted 1:250 in PBS containing 1% BSA (when the CFFT 
antibody 570 was used as primary antibody) or PBS containing 5% FBS, 3% BSA (in the case of  CF3 
antibody) for 1 hour in the dark at room temperature. After a further 3 washes in PBS, cell nuclei 
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were counterstained with Hoechst 33342. Confocal imaging was performed using an Opera Phenix 
(PerkinElmer) high-content screening system. Wells were imaged in confocal mode, using a ×40 water-
immersion objective. Hoechst 33342 signal was laser excited at 405 nm and the emission was measured 
between 435 and 550 nm. The Alexa Fluor 488 signal was laser excited at 480 nm and the emission 
was measured between 500 and 550 nm.

Proliferation study. MCF-7 cells were plated at low density (10,000 cells/well) on 96-well plates suitable 
for high-content imaging. After 6 hours, cells were treated with the scrambled peptide (100 ng/ml) or with 
Tα-1 (100 ng/ml). Cell proliferation was monitored for 72 hours using the digital phase contrast channel 
of  the Opera Phenix (PerkinElmer) high-content screening system. At the end of  the experiments, cells 
were counterstained with Hoechst 33342 and propidium iodide to visualize total cells and apoptotic cells, 
respectively.

Statistics. Due to the fact that more than 2 groups were to be compared, the analysis of  variance 
(ANOVA), followed by a post-hoc test was used in order to avoid multiple-comparisons error. In the case 
of  normally distributed quantitative variables, a parametric ANOVA was performed, whereas when the 
quantitative variables were skewed, the nonparametric ANOVA (Kruskal-Wallis test) was applied. The 
Kolmogorov-Smirnov test was used to evaluate the assumption of  normality.

Statistical significance of  the effect of  single treatments on CFTR activity or expression in CFBE41o- 
cells was tested by parametric 1-way ANOVA followed by the Dunnet multiple comparisons test (all groups 
against the control group) as post-hoc test. In the case of  combination of  treatments, statistical significance 
was verified by ANOVA followed by the Tukey test (for multiple comparisons) as post-hoc test.

Normally distributed data are expressed as the mean ± SD or mean ± SEM as indicated, and signifi-
cances are 2-sided. Differences were considered statistically significant when P was less than 0.05.
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