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Short-term consequences of F508del-
CFTR thermal instability on CFTR-
dependent transepithelial currents in 
human airway epithelial cells
Lionel Froux   1, Christelle Coraux2, Edouard Sage3,4 & Frédéric Becq1

Loss-of-function mutations in the Cystic Fibrosis Transmembrane conductance Regulator (CFTR) 
channel in human airway epithelial cells are responsible for Cystic Fibrosis. A deleterious impact of 
physiological temperature on CFTR plasma membrane expression, residence and channel activity is 
characteristic of the most common and severe CF mutation, F508del. Using primary human F508del-
airway epithelial cells and CF bronchial epithelial CFBE41o- cell lines expressing F508del- or WT-CFTR, 
we examined the effects of temperature (29 °C-39 °C) on the amplitude and stability of short-circuit 
CFTR-dependent currents over time and the efficiency of pharmacological strategies to stably restore 
F508del-CFTR function. We show that F508del-CFTR functional instability at 37 °C is not prevented 
by low temperature or VX-809 correction, genistein and VX-770 potentiators, nor by the combination 
VX-809/VX-770. Moreover, F508del-CFTR-dependent currents 30 minutes after CFTR activation at 
37 °C did not significantly differ whether a potentiator was used or not. We demonstrate that F508del-
CFTR function loss is aggravated at temperatures above 37 °C while limited by a small decrease of 
temperature and show that the more F508del-CFTR is stimulated, the faster the current loss happens. 
Our study highlights the existence of a temperature-dependent process inhibiting the function of 
F508del-CFTR, possibly explaining the low efficacy of pharmacological drugs in clinic.

The Cystic Fibrosis Transmembrane Regulator (CFTR) is a cAMP-dependent ligand-gated chloride channel 
belonging to the ATP-binding cassette (ABC) transporters family. CFTR is mainly expressed in secretory epithe-
lia where it contributes to the regulation of ion and water transport1. In the lung, it plays a key role in hydration 
and pH regulation of airway secretions and loss-of-function mutations in the CFTR gene are responsible for 
Cystic Fibrosis (CF), the most common autosomal recessive disease among Caucasians2. CF is a life-shortening 
disorder affecting the function of multiple organs such as lungs, intestine, exocrine pancreas, biliary tree, sinuses 
and vas deferens, leading to a progressive multisystem failure in which loss of respiratory function and pancreatic 
insufficiency are the two major causes of morbidity3. Among the almost 2000 CF-causing CFTR variants, F508del 
is the most common4. It has multiple consequences on the CFTR protein: defective processing and intracellular 
transport leading to a reduced plasma membrane expression of the protein5–8, perturbation of channel gating 
leading to altered function9 and protein destabilization at the plasma membrane leading to an accelerated recy-
cling and detection of the protein by the peripheral quality control10–13. A partial rescue of these multiple defects 
can be achieved in vitro by pharmacological approaches using the combination of a corrector (e.g. VX-809 and 
VX-661) and a potentiator (e.g. VX-770) to respectively enhance F508del-CFTR plasma membrane expression 
and function14,15. Such combinatorial approaches were recently approved by the Food and Drug Administration 
(FDA) for the treatment, inter alia, of patients homozygous for the F508del mutation. However, their clinical 
benefit on F508del-CFTR homozygotes remains under initial expectations16, suggesting that some defects caused 
by the F508del mutation might not be targeted by these therapies.
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Several studies reported a deleterious impact of temperatures in the physiological range on F508del-CFTR 
plasma membrane expression17,18, single channel activity19–21 and plasma membrane residence of 
F508del-CFTR22,23. In accordance, plasma membrane expression and single channel activity of F508del-CFTR 
can partially be restored by placing cells at temperatures below 30 °C12,17,20. This suggests that temperature plays 
a central role in the appearance or at least the worsening of a majority of the defects caused by the F508del muta-
tion. In this context, data from different groups demonstrated a run-down of F508del-CFTR function over a short 
time scale at physiological temperature20,24–27. Using diverse heterologous expression systems and electrophysi-
ological methods such as patch clamp (single channel and whole cell configurations) and Xenopus oocyte whole 
cell recordings, they showed that most F508del-CFTR activity vanishes in less than 15 minutes. These observa-
tions raise the crucial question of the actual duration of F508del-CFTR activity during its residence at the plasma 
membrane. To date, all these studies were done in heterologous expression systems, often using methods in which 
intracellular solution is replaced by artificial solutions or plasma membrane isolated from the rest of the cell. It is 
then unclear if F508del-CFTR is behaving in the same way in a complex homologous system. The consequences 
on the ability of pharmacological strategies to restore a durable and stable function of F508del-CFTR are also 
unknown in this context.

Here, we combined the use of primary cultures of human airway F508del homozygous epithelial cells and 
human bronchial epithelial cell lines (CFBE41o−) expressing F508del- or WT-CFTR with Ussing chambers 
recordings, allowing a greater proximity from the physiological reality. In these conditions, we studied the effects 
of temperature on the amplitude and stability of CFTR-dependent currents over time and their consequences 
on the efficiency of pharmacological correctors and potentiators such as VX-809 (Lumacaftor) and VX-770 
(Ivacaftor) to persistently restore F508del-CFTR function.

Results
CFTR-dependent current instability in primary cultures of human airway epithelial cells from 
F508del/F508del patients.  The principal aim of this study was to investigate the effect of physiological 
temperatures on F508del-CFTR-dependent transepithelial current in human airway epithelial (HAE) cells and 
the potential impact of temperature on F508del-CFTR function rescue by pharmacological potentiators. We first 
studied CFTR-dependent transepithelial current stability in primary HAE cells from F508del/F508del patients 
after low temperature correction (27 °C, 24 h). Using a rigorous control of apical and basal solutions temperatures, 
we recorded short circuit current variations (ΔIsc) at 29 °C and 37 °C during more than 30 minutes following 
CFTR activation with forskolin (10 μM) and VX-770 (1 μM). To quantify the impact of temperature on CFTR 
function, we focused on two important parameters reflecting CFTR function over time: the ΔIsc after CFTR acti-
vation (hereafter noted ΔIsc act) defined as the difference between Isc at the peak or after stabilization and Isc after 
CFTR(inh)-172 addition and the residual ΔIsc after 35 minutes (hereafter noted ΔIsc res) defined as the variation 
between Isc 35 min after the peak or Isc stabilization and Isc after CFTR(inh)-172 addition (Fig. 1a).

The mean ΔIsc act triggered by forskolin + VX-770 was 4.77 ± 0.76 μA.cm−2 (n = 5) at 29 °C and 
7.24 ± 0.99 μA.cm−2 (n = 6) at 37 °C. We then observed a severe reduction of CFTR-dependent ΔIsc dur-
ing time at 37 °C (Fig. 1b) and mean ΔIsc res represented only 37.65 ± 1.97% of ΔIsc act (Fig. 1c). Conversely, 
CFTR-dependent transepithelial current was stable at 29 °C after an initial transitory phase (Fig. 1b) and mean 
ΔIsc res represented 78.88 ± 3.77% of ΔIsc act in this condition (Fig. 1c). These results demonstrate the instability 
of F508del-CFTR-dependent transepithelial current over time at physiological temperature in primary human 
CF airway epithelial cells.

Recording CFTR-dependent current stability in CFBE cells.  To investigate in detail the effect of phys-
iological temperatures on CFTR-dependent currents in airway epithelial cells in the context of a pharmacological 
correction of CFTR membrane expression and function, we used the CF bronchial epithelial CFBE41o− cell line 
expressing either F508del- or WT-CFTR (CFBE-F508del or CFBE-WT respectively). To restore detectable levels 
of CFTR protein at the plasma membrane, CFBE-F508del cells were incubated with VX-809 (10 μM) for 24 h 
prior to experiments. VX-809 was also added to the apical solution during Ussing chamber recordings to mimic 
therapeutic conditions.

The current elicited by forskolin (10 μM) through CFBE-WT cells was systematically stable over the whole 
recording, whether solutions temperature was 29 °C or 37 °C (Fig. 2a, upper recordings). This was not the case 
with CFBE-F508del cells in which the forskolin-triggered current decreased rapidly at 37 °C to reach a plateau 
between 30 and 35 minutes, representing 47.81 ± 5.6% of the maximal current (significantly different from 100%; 
p = 0.031; n = 6; Wilcoxon signed rank test) (Fig. 2a, lower right trace). Conversely, CFTR-dependent current was 
stable over time in CFBE-F508del cells at 29 °C (Fig. 2a, lower left trace). Figure 2b shows the quantification and 
statistical analysis of ΔIsc res for each experimental condition. These observations are thus comparable to what 
we measured using HAE cells from F508del/F508del patients.

In all cases the remaining current at the end of the recording was fully inhibited by CFTR(inh)-172 (10 µM), a 
selective blocker of CFTR28. These results show that the instability of F508del-CFTR function over time at phys-
iological temperature described in other models20,24–27 is present and recordable in CFBE cells and confirm that 
VX-809 does not prevent the apparition of this phenomenon27.

Moreover, forskolin addition (10 μM) on non-corrected CFBE-F508del cells after pre-incubation with 
CFTR(inh)-172 (10 μM) did not affect Isc baseline more than 0.14 ± 0.09 μA.cm−2 (n = 4) over 35 minutes, far 
below the Isc variations recorded after CFTR stimulation (Supplementary Fig. S1). This confirms that Ussing 
Chamber recordings are stable enough to reliably evaluate Isc stability over longer recordings than usual and that 
Isc variations recorded in these conditions were fully CFTR-dependent.
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F508del-CFTR potentiation restores superior CFTR-dependent currents only during a short 
time period at 37 °C.  To investigate the impact of F508del thermal instability on the ability of potentia-
tors to rescue F508del-CFTR function in our model, we used VX-770, the sole FDA-approved CFTR potenti-
ator and genistein, a widely used investigational CFTR potentiator. We recorded Isc variations in CFBE-WT or 
CFBE-F508del cells at 29 °C and 37 °C following CFTR activation with forskolin (10 μM), forskolin + genistein 
(30 μM) or forskolin + VX-770 (1 μM).

In CFBE-F508del cells, when comparing ΔIsc act values obtained at 29 °C with those obtained at 37 °C, we 
observed a significant decrease of this parameter with forskolin + genistein (5.49 ± 0.52 μA.cm−2 at 29 °C vs 
3.29 ± 0.36 μA.cm−2 at 37 °C; n = 6; p = 0.0001; two-way repeated measures ANOVA and Bonferroni post-tests) as 
well as with forskolin + VX-770 (8.94 ± 0.77 μA.cm−2 at 29 °C vs 6.82 ± 0.61 μA.cm−2 at 37 °C; n = 6; p = 0.0002; 
two-way repeated measures ANOVA and Bonferroni post-tests), but no significant change with forskolin alone 
even if raw data showed a slight decrease in this condition (2.54 ± 0.47 μA.cm−2 at 29 °C vs 1.93 ± 0.30 μA.cm−2 
at 37 °C; n = 6; p = 0.37; two-way repeated measures ANOVA and Bonferroni post-tests) (Fig. 3a,b). This repre-
sented a mean reduction of F508del-CFTR maximal function by 22 ± 7.26% with forskolin, 38.74 ± 6.41% with 
forskolin + genistein and 23.23 ± 3.52% with forskolin + VX-770 at physiological temperature. In comparison, 
ΔIsc act was stable or slightly increased between 29 °C and 37 °C experiments in CFBE-WT cells, depending on 
the condition tested (n = 6 for each condition; p > 0.99 with forskolin, p = 0.046 with forskolin + genistein and 
p = 0.0094 with forskolin + VX-770; two-way repeated measures ANOVA and Bonferroni post-tests) (Fig. 3c). 
Thus, even if the effect of potentiators on F508del-CFTR maximal function is reduced at 37 °C compared to 29 °C, 
it still represents an improvement compared to forskolin stimulation alone. However, the improvement is not 
long-lasting.

Indeed, to take into account the thermal instability of F508del-CFTR function in our analysis, we focused on 
the residual current after 35 minutes, ΔIsc res. As described above with forskolin stimulation alone, we found a 
marked instability of CFTR-dependent current with the two potentiators at 37 °C in CFBE-F508del cells (Fig. 3a, 
solid lines). At this temperature, the mean ΔIsc res represented 47.81 ± 5.6% of the maximal current with for-
skolin, 34.13 ± 4.11% with forskolin + genistein and 16.53 ± 2.50% with forskolin + VX-770 (n = 6 for each con-
dition) while Isc values only slightly decreased over time at 29 °C (Fig. 3a, dashed lines). As a consequence, ΔIsc 

Figure 1.  Functional thermal instability of CFTR-dependent transepithelial current in primary F508del/
F508del HAE cells. (a) Schematic representation of a current obtained with the Ussing Chamber technique 
showing the parameters used to record and analyse CFTR-dependent Isc stability over time. ΔIsc res, residual 
ΔIsc 35+/− 2 minutes after the peak or Isc stabilization; ΔIsc act, ΔIsc after activation; fsk, forskolin; inh172, 
CFTR(inh)-172. (b) Representative Ussing Chamber recordings obtained in primary F508del/F508del 
HAE cells at 29 °C (grey line) or 37 °C (black line) with forskolin + VX-770 (1 μM) addition. (c) Box plot 
representations showing the distribution of ΔIsc res values normalized to ΔIsc act at 29 °C and 37 °C. **p < 0.01; 
two-tailed Mann-Whitney test; n = 5–6.
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res values obtained at 37 °C were considerably reduced compared to ΔIsc res values obtained at 29 °C (n = 6 
for each condition; p = 0.0049 with forskolin, p < 0.0001 with forskolin + genistein and forskolin + VX-770; 
two-way repeated measures ANOVA and Bonferroni post-tests) (Fig. 3d). CFTR-dependent current stability was 
not affected the same way in CFBE-WT cells and ΔIsc res values were even significantly greater at 37 °C than at 
29 °C in the forskolin + VX-770 condition (n = 6 for each condition; p = 0.19 with forskolin, p = 0.064 with for-
skolin + genistein and p = 0.0071 with forskolin + VX-770; two-way repeated measures ANOVA and Bonferroni 
post-tests) (Fig. 3e).

Moreover, if the two potentiators durably improved F508del-CFTR function compared to forskolin stimu-
lation alone at 29 °C, this was not the case at 37 °C since there was no significant difference in ΔIsc res between 
the three conditions (0.88 ± 0.14 μA.cm−2, 1.10 ± 0.15 μA.cm−2 and 1.15 ± 0.23 μA.cm−2 with forskolin, forsko-
lin + genistein and forskolin + VX-770 respectively; n = 6; p = 0.52; Kruskal-Wallis test) (Fig. 3f). Therefore, the 
capacity of classical potentiators to enhance F508del-CFTR function is only transient at physiological tempera-
ture while it is stable over time at 29 °C.

The rate of CFTR-dependent current loss over time is not affected by F508del-CFTR classical 
activators and potentiators.  Since the residual current at 37 °C was the same whatever the way CFTR was 
stimulated while the maximal current differed depending on the activator cocktail used, we hypothesized that 
temperature-dependent current loss is a general phenomenon triggered upon CFTR activation and not affected 
by the way CFTR is activated.

If this is the case, the curves representing the normalized lost current plotted against time should be the same 
whatever the way F508del-CFTR was stimulated, while current loss speed should correlate with the maximal cur-
rent amplitude. Using recordings presented in Fig. 3, we calculated the current loss evolution over time. Whether 
F508del was stimulated with forskolin (10 μM), forskolin + genistein (30 μM) or forskolin + VX-770 (1 μM), 
mean current loss curves were almost identical (Fig. 4a) and no significant differences were found between the 
three conditions for t1/2 or t20%-80% (Fig. 4b,c). Reducing VX-770 or forskolin concentration did not significantly 
impact the current loss rate either (Supplementary Fig. S2). These results demonstrate that the way CFTR is acti-
vated does not impact the current instability.

Moreover, if we examine the instantaneous current loss rate at its maximal value (approx. 2 minutes after 
the maximal Isc value) (Fig. 4d), we note that it evolves in the same way as the amplitude of ΔIsc act (Fig. 4e), 
which was dependent on the way F508del-CFTR was activated. This suggested that the more F508del-CFTR was 

Figure 2.  CFTR-dependent transepithelial current is not stable over time at 37 °C in CFBE-F508del cells. (a) 
Representative Ussing Chamber recordings obtained from CFBE-WT and CFBE-F508del cells at 29 °C or 37 °C 
after forskolin addition (10 μM). CFTR-dependent transepithelial current was inhibited with CFTR(inh)-172 
addition (10 μM) after at least 35 minutes. VX-809 (10 μM) was added to the apical solution to mimic 
therapeutic conditions. (b) Box plot representations showing the distribution of ΔIsc res values obtained in each 
condition presented in a. Data are expressed as the percentage of ΔIsc act and tested for significant difference 
from 100%. *p < 0.05; ns, not significant; n = 5–6; Wilcoxon signed rank test. ΔIsc res, residual ΔIsc 35+/− 
2 minutes after the peak or Isc stabilization; ΔIsc act, ΔIsc after activation.
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Figure 3.  The beneficial action of classical CFTR potentiators vanishes over time at 37 °C in CFBE-F508del 
cells. (a) Ussing Chamber representative recordings obtained in CFBE-F508del cells at 29 °C (dotted lines) or 
37 °C (plain lines) after forskolin (10 μM), forskolin + genistein (30 μM) or forskolin + VX-770 (1 μM) addition. 
VX-809 (10 μM) was added to the apical solution to mimic therapeutic conditions. (b,c) Graph displaying 
paired ΔIsc act values obtained at 29 °C and 37 °C as well as their distribution, for forskolin, forskolin + genistein 
and forskolin + VX-770 conditions in CFBE-F508del (b) or CFBE-WT (c) cells. (d,e) Graph displaying paired 
ΔIsc res values obtained at 29 °C and 37 °C as well as their distribution, for forskolin, forskolin + genistein and 
forskolin + VX-770 conditions in CFBE-F508del (d) or CFBE-WT (e) cells. (a–e) 29 °C and 37 °C recordings 
were systematically obtained on the same day on cells issued from the same passage for each condition. 
**p < 0.01; ***p < 0.001; ns, not significant; two-way repeated measures ANOVA and Bonferroni post hoc test 
(detailed results in supplementary table S5); n = 6. (f) Focus on the distribution of ΔIsc res values obtained in 
CFBE-F508del cells with forskolin, forskolin + genistein and forskolin + VX-770. ns, not significant; Kruskal-
Wallis test; p = 0.52; n = 6. ΔIsc res, residual ΔIsc 35+/− 2 minutes after the peak or Isc stabilization; ΔIsc act, 
ΔIsc after activation; fsk, forskolin; gst, genistein.
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Figure 4.  Current loss rate is not affected by CFTR potentiators but is correlated to CFTR-dependent maximal 
current. (a) Time course of the mean ΔIsc lost expressed in % of maximal ΔIsc lost against time for forskolin 
(10 μM), forskolin + genistein (30 μM) and forskolin + VX-770 (1 μM) conditions. (b) Corresponding 
t1/2 values distribution for each condition. Kruskal-Wallis test; p = 0.91; ns, not significant; n = 6. (c) 
Corresponding t20%-80% values distribution for each condition. Kruskal-Wallis test; p = 0.29; ns, not significant; 
n = 6. (d). Distribution of instantaneous speed values 2 minutes after maximal ΔIsc for forskolin alone, 
forskolin + genistein and forskolin + VX-770 conditions. n = 6. (e). Distribution of corresponding ΔIsc act 
values in each condition. n = 6. f. Correlation of the instantaneous speed 2 minutes after maximal ΔIsc and the 
ΔIsc lost. Forskolin alone, forskolin + genistein and forskolin + VX-770 conditions were pooled and each square 
corresponds to a single trace. ΔIsc act, ΔIsc after activation; fsk, forskolin; gst, genistein.
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stimulated, the faster the current loss happened. Indeed, when plotting the instantaneous speed against ΔIsc act, 
we observed a strong positive correlation between the two parameters (r = 0.87; p < 0.0001; n = 18) (Fig. 4f). 
These results strongly suggest that F508del-dependent current loss relies on an event intrinsically affecting the 
F508del-CFTR channel upon activation, independently of the way CFTR function is stimulated.

Several studies reported a negative impact of potentiators such as VX-770 on the correction of F508del-CFTR 
maturation defect by VX-809, suggesting an interference between potentiators and VX-80929,30. A negative interac-
tion between VX-809 and potentiators could hence be responsible for the instability of F508del-CFTR-dependent 
currents observed at 37 °C during experiments presented above since VX-809 was added to the apical solution to 
mimic therapeutic conditions. In another set of experiments, we thus compared the stability of CFTR-dependent 
currents at 37 °C in CFBE-F508del cells with or without VX-809 in the apical solution (Supplementary Fig. S3). 
These experiments were realized with activation of CFTR by forskolin (10 μM), forskolin + genistein (30 μM) or 
forskolin + VX-770 (1 μM). No significant difference was observed between the two conditions concerning ΔIsc 
act and t1/2 but we observed a significant augmentation of ΔIsc res and t20%-80%, suggesting that VX-809 slightly 
limited F508del-CFTR-dependent current instability. These results show that VX-809 is not responsible for pre-
viously observed F508del-CFTR-dependent current instability at 37 °C.

CFTR-dependent current instability dramatically worsens across a very small temperature range.  
We also investigated the evolution of F508del current instability at temperatures surrounding 37 °C. Experiments 
presented in Fig. 3 were thus reproduced at 35 °C and 39 °C with forskolin alone and forskolin + VX-770. We 
noticed a considerable slowdown of F508del-CFTR-dependent current loss over time at 35 °C while it was accel-
erated at 39 °C (n = 4–7; p < 0.0001 for the temperature parameter; two-way ANOVA) (Fig. 5a–c). Since current 
loss was slowed down but not prevented by reducing the temperature to 35 °C, recordings were prolonged to 
1 h to record a longer part of the current loss. At 39 °C, no differences in current loss kinetics between forsko-
lin and forskolin + VX-770 conditions were observed. However, VX-770 addition induced a significant reduc-
tion of t20%-80% but not t1/2 value at 35 °C compared to the forskolin alone condition (Fig. 5b,c). Given the high 
variability of the forskolin alone condition recordings, it only suggests that VX-770 might modestly accelerate 
F508del-CFTR-dependent current loss at colder temperatures.

Concerning current amplitudes, ΔIsc act was not affected by temperature variation in the forskolin alone con-
dition (Fig. 5d). In the forskolin + VX-770 condition, ΔIsc act was stable between 35 °C and 37 °C but a further 
reduction of this parameter was observed at 39 °C. Indeed, mean ΔIsc act value at 39 °C only represented 43.90% 
of mean ΔIsc act value at 29 °C. This confirmed that forskolin-triggered F508del maximal Isc was not sensible to 
temperature variations in the range studied here while potentiated F508del maximal Isc was. Moreover, this sen-
sitivity worsened dramatically when raising temperature above 37 °C.

ΔIsc res was strongly reduced at 35 °C (57.50%) compared to 29 °C but was still higher than ΔIsc res at 37 °C in 
the forskolin + VX-770 condition (Fig. 5e). In the forskolin alone condition, ΔIsc res was stable between 29 °C and 
35 °C but was strongly reduced between 35 °C and 37 °C (Fig. 5e). At 39 °C, ΔIsc res was further reduced compared 
to 37 °C for both conditions. Of note, ΔIsc res was almost two times higher with forskolin + VX-770 than with 
forskolin alone at 35 °C and this was still the case 1 h after forskolin + VX-770 addition (2.10 ± 0.22 μA.cm−2 with 
forskolin vs 3.85 ± 0.24 μA.cm−2 with forskolin + VX-770 at 37 °C; n = 4 and 7 respectively; p = 0.0061; two-tailed 
Mann-Whitney test) (Fig. 5f). Hence, VX-770 addition partially improved F508del-CFTR function over time at 
35 °C, which was not the case at higher temperatures.

Together, these results show that F508del-CFTR function loss can be further aggravated at temperatures 
exceeding 37 °C while it can be limited by a small decrease of temperature, leaving a possibility for VX-770 to 
modestly improve F508del-CFTR function.

Discussion
An increasing number of studies reported a thermal instability of F508del-CFTR function, leading to a rapid loss 
of F508del-CFTR current at physiological temperature20,24–27. However, the impact of F508del-CFTR thermal 
instability has not been assessed on CFTR-dependent transepithelial current in human airway epithelial cells. The 
principal aim of this study was thus to characterize the impact of F508del-CFTR functional thermal instability in 
primary HAE and CFBE cells during time and its potential consequences on the ability of potentiators to stably 
restore F508del-CFTR function in the context of a pharmacological correction with VX-809.

We demonstrate that F508del-CFTR thermal instability effects on CFTR-dependent transepithelial currents 
in human broncho-epithelial cells can be revealed using the Ussing chamber technique under particular con-
ditions requiring a rigorous control of temperature. This defect was absent at 29 °C or in CFBE cells expressing 
WT-CFTR, demonstrating the existence of a deleterious impact of physiological temperatures on F508del-CFTR 
function over time in these models. Moreover, the resulting F508del-CFTR-dependent current loss was not pre-
vented by VX-809 acute or chronic treatments and its kinetics was not affected by the way CFTR was stimulated. 
We also report a decrease in F508del-dependent current maximal amplitude at 37 °C compared to values obtained 
at 29 °C in CFBE cells, which was not the case with WT-CFTR.

When comparing the characteristics of F508del-CFTR current loss obtained here in CFBE cells with those 
reported previously in other models, we notice a high proximity despite models and technical approaches heter-
ogeneity. Indeed, we report a 50% current loss in approximately 5–6 minutes depending on the condition tested, 
which is only slightly higher than the range of values previously reported (3 minutes in Wang et al.20; 4 minutes in 
Liu et al.24; 2–3 minutes in Boinot et al.25; 3–5 minutes in Meng et al.27).

Recently, Wang et al. concluded from single channel experiments that the potentiation of F508del-CFTR by 
VX-770 was temperature-independent at the single channel level21, since the maximal Po of each channel was 
the same below 30 °C and at 37 °C. However, our experiments show a decrease of F508del-dependent current 
maximal amplitude between 29 °C and 37 °C when a potentiator was used (genistein or VX-770). This apparent 
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Figure 5.  F508del-CFTR function loss at near-physiological temperatures. (a) Plot showing mean ΔIsc 
lost expressed in % of maximal ΔIsc lost against time for forskolin (10 μM) and forskolin + VX-770 (1 μM) 
conditions at 35 °C, 37 °C and 39 °C in CFBE-F508del cells. (b) Box plot representations showing the 
distribution of t1/2 values for each condition. ***p < 0.001; ns, not significant; two-way ANOVA and Bonferroni 
post hoc test; n = 4–7. (c) Box plot representations showing the distribution of t20%-80% values for each condition. 
***p < 0.001; *p < 0.05; ns, not significant; two-way ANOVA and Bonferroni post hoc test; n = 4–7. (d) Box 
plot representations showing the distribution of ΔIsc act for forskolin and forskolin + VX-770 conditions at 
29 °C, 35 °C, 37 °C and 39 °C in CFBE-F508del cells. ***p < 0.001; ns, not significant; two-way ANOVA and 
Bonferroni post hoc test; n = 4–7. (e) Box plot representations showing the distribution of ΔIsc res for forskolin 
alone and forskolin + VX-770 conditions at 29 °C, 35 °C, 37 °C and 39 °C in CFBE-F508del cells. *p < 0.05; 
***p < 0.001; ns, not significant; two-way ANOVA and Bonferroni post hoc test; n = 4–7. (b–e) Detailed 
results from two-way ANOVA analyses are summarized in Supplementary Table S5. (f) Box plot showing the 
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discrepancy could be explained by the fact that we recorded multiple CFTR channels, while the experiments real-
ized by Wang et al. are single channel recordings. In our conditions, it is highly probable that some F508del-CFTR 
channels start to inactivate even during the global current increasing phase at 37 °C, which is not the case at 29 °C 
due to F508del-CFTR functional stability at this temperature. This can explain why a higher peak was observed at 
29 °C compared to 37 °C in our conditions.

Despite the major reduction of F508del-dependent current amplitude over time, we observed a plateau with a 
residual CFTR(inh)-172-sensible current during each recording. This observation is in line with recent observa-
tions made by Meng et al., reporting the presence of a small subpopulation of F508del-CFTR channels character-
ized by a more stable function at physiological temperature in the presence of VX-809 and VX-77027. However, 
since the Ussing Chamber technique exclusively allows global current studies, this plateau could also be attribut-
able, at least in part, to a residual activity at the single channel level.

Since most parameters of F508del-CFTR thermal instability described herein meet those reported previously 
by other groups using heterologous expression models and single channel or whole cell patch clamp recordings, 
our study also further confirms the efficiency of such approaches in predicting CFTR behaviour in models with 
higher physiological relevance, including primary HAE cells. Furthermore, given the similarity of our results 
with studies using excised membrane patches24,27, we can reasonably assume that the rapid thermal inactivation 
of F508del-CFTR channels is the major mechanism underlying the fast F508del-CFTR global current reduction 
described here at 37 °C.

As a consequence of F508del-CFTR functional thermal instability, we also demonstrate a considerable reduc-
tion of the beneficial effect of two CFTR potentiators across a short time range. Indeed, the residual current 
amplitude after more than 30 minutes does not differ whether a potentiator (VX-770 or genistein) was added or 
not to forskolin at 37 °C. Accordingly, the functional consequences of F508del-CFTR thermal instability imply 
the requirement of new stabilizing approaches to achieve a full and long-lasting restoration of F508del-CFTR 
function. These results could provide an explanation to the rather disappointing clinical results obtained 
with the co-administration of a “first-generation” corrector (VX-809 or VX-661) with VX-770 in F508del 
homozygotes despite an undeniable efficiency of VX-809 and VX-770 to respectively correct F508del-CFTR 
membrane expression and potentiate F508del-CFTR function (single channel conductance) in vitro14–16,31. 
However, a much better outcome on clinical signs in F508del homozygotes was reached during recent clini-
cal trials led by Vertex Pharmaceuticals involving two triple combinations (VX-445 + VX-809 + VX-770 and 
VX-659 + VX-809 + VX-770) which integrate new correctors (i.e. VX-445 and VX-659), acting on F508del-CFTR 
through a different mechanism than VX-80932,33. Future studies are necessary to investigate if the improvement 
over FDA approved therapies can be explained by a potency of this new class of correctors to limit F508del-CFTR 
functional thermal instability.

Our results show that a small variation of temperature in the 35–39 °C range has a considerable impact on 
F508del-CFTR function. We could hypothesize that local temperature variations in lungs could significantly 
impact CF patients’ respiratory function. Supporting this idea, two recent studies explored the effect of tem-
perature on CF lung disease in the US and Australia34 and in the general US population35, showing that patients 
residing in the warmest regions in the US have CF-specific lung function lower than if they resided in the coldest 
regions34. It was also reported a statistically significant association between warmer ambient temperature and 
reduced lung function in warmer regions, so that the lung function of individuals was 2% predicted lower on 
average than those living in colder regions35. In this regard, fever or local inflammation, two events frequently 
encountered by CF patients could also exacerbate CF symptoms.

The consequences of small temperature variations on F508del-CFTR function reported in the present study 
also recall the importance of an accurate temperature control during experiments assessing the function of 
F508del-CFTR and more generally channels with a function affected by temperature. Unfortunately, depending 
on the equipment and the technique used, maintaining extracellular temperature within 1 °C around the desired 
temperature can be very challenging. Efforts should thus be made to limit as much as possible temperature varia-
tions around the desired temperature during such experiments and technical limitations to do so should be kept 
in mind when interpreting results of F508del-CFTR functional studies. Of note, timing was also revealed to be 
an important parameter to consider in this context since F508del-CFTR function was considerably higher at the 
peak than 30 minutes after at physiological temperature.

More generally, taking into account F508del-CFTR thermal instability could help improving the detection 
of new molecules of interest correcting F508del-CFTR defects. For example, when questioning the capacity of 
molecules to individually restore F508del-CFTR plasma membrane functional expression (correctors) or channel 
activity (potentiators), setting bath temperature around 30 °C could be preferable to 37 °C since the thermal defect 
of F508del-CFTR could also impact transepithelial currents, introducing a potential bias. This would particularly 
be the case if temperature was not accurately controlled. On the other hand, when assessing the potential of mol-
ecules to correct the thermal stability defect, setting bath temperature at 37 °C seems critical.

Also, given the impact of F508del-CFTR thermal instability, the development of molecules able to stabilise 
F508del-CFTR function could be of interest to improve existing therapies. In this context, although they are not 
based on functional measurement of CFTR activity, the recent development of biophysical techniques such as the 
fluorescence self-quenching assay could be valuable to rapidly identify molecules able to correct F508del-CFTR 
thermal instability defect36. Ussing chambers or other function-based techniques amended for this purpose could 

distribution of residual ΔIsc values 60 minutes after the peak for forskolin and forskolin + VX-770 conditions 
at 35 °C. **p < 0.01; two-tailed Mann-Whitney test; n = 4–7. ΔIsc res, residual ΔIsc 35+/− 2 minutes after the 
peak or Isc stabilization; ΔIsc act, ΔIsc after activation; fsk, forskolin.
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then be used to confirm the potential of previously identified molecules to correct F508del-CFTR current insta-
bility at 37 °C.

In light of the results presented here and already reported by other groups20,24–27, taking into account the influ-
ence of temperature on F508del-CFTR function and other temperature-sensible mutants during future studies 
relating to the improvement of existing CF treatments or the development of novel ones could help improving 
their efficacy, likely leading to an improvement of CF patients’ quality of life.

Methods
Cell culture.  Human airway epithelial (HAE) cells were obtained from explanted CF lungs at the time of 
patient’s transplantation. Human tissues were collected and used according to the French law, with the approval 
of the French Ministry of Higher Education and Research (Biological Collection n°DC-2012-1583) and with 
the informed consent of patients. Airways were dissected and epithelial cells obtained after overnight enzymatic 
dissociation using 0.5 mg/mL pronase E (Sigma Aldrich). HAE cells were seeded on type IV collagen-coated 
dishes and cultured in Pneumacul™-EX medium (StemCell Technologies) supplemented with tobramycin (80 μg.
mL−1), ceftazidime (100 μg.mL−1), vancomycin (100 μg.mL−1), amphotericin B (0.25 μg.mL−1), penicillin (100 
units/mL) and streptomycin (100 μg.mL−1). At confluence, cells were detached to be cultured at the air-liquid 
interface. Briefly, HAE cells from two distinct donors (P1) were seeded at a density of 0.1 × 106 cells on type IV 
collagen-coated Transwell permeable inserts (#3801, Corning Corp.). They were cultured in liquid/liquid condi-
tions in Pneumacult™-Ex medium (StemCell technologies) for 5–7 days until confluence was reached and then at 
air/liquid interface for 21 to 28 days using 1:1 DMEM/F12 (Gibco 31331) and BEGM (Lonza CC-3170) with the 
Lonza supplements for hEGF, epinephrine, BPE, hydrocortisone, insulin, triiodothyronine and transferrin, and 
supplemented with 50 IU.mL−1 penicillin (Sigma Aldrich), 50 μg.mL−1 of streptomycin (Sigma Aldrich), 0.1 nM 
retinoic acid (Sigma Aldrich) and 1.5 μg.mL−1 bovine serum albumin (Sigma Aldrich). Functionally detectable 
levels of F508del-CFTR were restored to the plasma membrane by incubating cells at 27 °C during 24 h prior 
experiments.

Human bronchial epithelial cell lines were provided by Dr. D. Gruenert (Univ. California San Francisco, 
USA). They were grown at 37 °C in 5% CO2 − 95% air and media were replaced every 2 days. CFBE41o- cells 
overexpressing F508del-CFTR (CFBE F508del-CFTR) or WT-CFTR (CFBE WT-CFTR) were grown on TPP® 
culture flasks in Eagle’s Minimum Essential Medium (EMEM) containing non-essential amino acids (NEAA) 
(Gibco 10370) supplemented with 10% fetal bovine serum (FBS) (Sigma Aldrich), 2 mM L-glutamine (Gibco), 
50 IU.mL−1 penicillin (Sigma Aldrich), 50 μg.mL−1 of streptomycin (Sigma Aldrich) and were selected using 5 μg.
mL−1 puromycin (Gibco). CFBE CFTR-F508del and CFBE CFTR-WT cells were seeded at a density of 0.5 × 106 
cells on Snapwell permeable inserts (#3407, Corning Corp.) coated with 5 μg.cm−2 human fibronectin (Sigma 
Aldrich). After 2 days at liquid/liquid interface, cells were cultured at air/liquid interface until transepithelial 
resistance reached a minimum of 300 Ω.cm−2 (5–6 days). Transepithelial resistances were measured with a 
Millicell-ERS voltmeter-ohmmeter (Millipore). Functionally detectable levels of F508del-CFTR were restored to 
the plasma membrane by incubating cells with VX-809 (10 μM) for 24 h prior to experiments.

Ussing chamber recordings.  Inserts containing CFBE or primary HAE cells were mounted in an 
EM-CSYS-6 Ussing chamber system (Physiologic Instruments Inc., USA) composed of two hemi-chambers, each 
containing a different solution. Asymmetric solutions were used, creating a basal to apical Cl− gradient to enhance 
Cl− currents detection. Their composition was (in mM): 1.2 NaCl, 115 Na-Gluconate, 25 NaHCO3, 1.2 MgCl2, 4 
CaCl2, 2.4 KH2PO4, 1.24 K2HPO4, 10 mannitol (pH 7.4) for apical solution and 115 NaCl, 25 NaHCO3, 1.2 MgCl2, 
1.2 CaCl2, 2.4 KH2PO4, 1.24 K2HPO4, 10 glucose (pH 7.4) for basal solution. Apical and basal solutions were 
maintained at the desired temperature using a Julabo EC circulating temperature control water bath connected 
to the heat exchange block integrated into the Ussing chambers support and gassed with 95% O2 − 5% CO2. 
Transepithelial potential difference and short-circuit currents (clamp at 0 mV) were measured/injected through 
3 M KCl filled Ag/AgCl electrodes connected to a VCC MC2 voltage/current clamp (Physiologic Instruments Inc., 
USA). The current injected by the system to short-circuit cells (Isc) was visualized and recorded at a frequency of 
0.1 Hz on a personal computer using Acquire and Analyze hardware and software (Physiologic Instruments Inc., 
USA). Transepithelial potential difference values were corrected for the junction potential between apical and 
basal solutions and for empty insert resistance. In our conditions, an apical anion secretion was indicated by an 
increase in Isc. All experiments were done in the presence of amiloride (100 μM) in the apical solution to prevent 
ENaC currents. DIDS (4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid; 200 μM) was added to basal and apical 
solutions to differentiate CFTR currents from most non-CFTR Cl− currents37–40 except in experiments involving 
primary HAE cells where global transepithelial currents were studied. All other drugs were added to the apical 
solution. In all Ussing chambers experiments, Isc value after CFTR(inh)-172 addition was used as the reference to 
calculate all ΔIsc values presented in this article.

Temperature control.  Solution temperature was checked directly into each hemi-chamber of the Ussing 
chamber setup, as close as possible from the cells, with a digital precision thermometer (Checktemp®1, Hanna 
Instruments, USA) before and after each recording. For experiments at physiological or near physiological tem-
peratures, results were discarded when temperature varied by more than 1 °C beyond or below the desired tem-
perature. Experiments included in the 29 °C conditions were done at temperatures comprised between 27 °C and 
31 °C. Supplementary Fig. S4 displays the distribution of the temperature values measured during all experiments 
presented in this article.
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Drugs and chemicals.  Amiloride, CFTR(inh)-172, DIDS (4,4′-diisothiocyanatostilbene-2,2′-disulfonic 
acid), forskolin and genistein were purchased from Sigma Aldrich (France). VX-770 and VX-809 were obtained 
from Selleckchem (USA). Stock solutions (1000X) were prepared using dimethyl sulfoxide (DMSO) as solvent.

Data analysis and statistics.  Graphs and statistical analysis were done using Prism 5 (GraphPad Software, 
USA) and all the results are expressed as mean ± SEM except for box plot representations in which the central 
line represents the median, boxes upper and lower edges represent the 25th and 75th percentile respectively while 
the whiskers represent the minimal and maximal values of the sample. Statistical comparison were made with a 
significance threshold set at p < 0.05. In experiments comparing ΔIsc values obtained at 29 °C with ΔIsc values 
obtained at 37 °C (Fig. 3), 29 °C and 37 °C recordings were systematically obtained on the same day on cells issued 
from the same passage. Thus, a two-way ANOVA with repeated measures followed by a Bonferroni post hoc anal-
ysis has been used in this case. The same test was used during experiments comparing F508del-CFTR-dependent 
current stability with or without VX-809 in the apical solution (Supplementary Fig. 3). In other cases where 
multiple comparisons were required, two-way ANOVAs with a Bonferroni post hoc analysis or Kruskal-Wallis 
tests followed by Dunn’s multiple comparison tests were used depending on the number of parameters taken into 
account. A two-tailed Mann-Whitney test was used to compare data issued from two unpaired conditions. To 
improve readability, detailed results returned by two-way ANOVA tests presented in Figs 3 and 5 are summarized 
in Supplementary Table S5. The existence of a correlation between two parameters was tested by calculating the 
Pearson’s correlation coefficient and using a linear regression for graphical representation. In experiments focused 
on current loss, t1/2 and t20%-80% represent the time required for CFTR-dependent current loss to reach 50% or to 
increase from 20% to 80% of its maximal value, respectively. Instantaneous speed 2 minutes after the peak was 
calculated using the following formula:

Δ − Δ −+ − + −( I I )/(t t )sc n 1 sc n 1 n 1 n 1

where ΔIsc n+1 and ΔIsc n-1 are the ΔIsc values (μA.cm−2) surrounding the ΔIsc value 2 minutes after the peak and  
t n+1 and t n-1 are the corresponding time values (min). Inst. speed 2 min is expressed in μA.cm−2.min−1.

Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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