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Abstract: Cystic Fibrosis (CF) is caused by mutations in the CF transmembrane conductance regulator
(CFTR), a chloride/bicarbonate channel. Many studies utilize human airway cell models (cell lines
and primary cells) to study different aspects of CFTR biology. Media selection can alter the growth
and differentiation of primary cells, yet the impact on stable airway cell lines is unclear. To determine
the impact of media and growth conditions on CFBE41o- cells stably transduced with wild-type
or F508del CFTR, we examined four commonly used growth media, measuring epithelial and
mesenchymal markers, as well as CFTR expression, maturation, and function. The selection of growth
media altered the expression of epithelial and mesenchymal markers in the cell lines, and significantly
impacted CFTR expression and subsequent function. These results highlight the importance of media
selection to CFTR and cell line behavior and should be considered in both studies of primary human
airway cells and stable cell lines.
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1. Introduction

Cystic Fibrosis (CF) is an autosomal recessive disease affecting over 100,000 people
worldwide [1]. CF is caused by the loss of function of the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) protein, a member of the ATP-binding cassette family,
which functions as a chloride and bicarbonate channel in the apical membrane of multiple
epithelia [2]. Both human airway cell lines and primary cells are established models for
CFTR-based studies, including epithelial biology and the development of CFTR-based
therapies [3–5]. One frequently used cell line is the CFBE41o- line, originally described by
Gruenert and colleagues in 1993 [6]. These cells constitute an SV40-immortalized human
airway epithelial cell line derived from an individual with cystic fibrosis. CFBE41o- cells
express several key epithelial markers, though they do not polarize into a classical pseudo-
columnar epithelium [6]. Over time, this line has been stably transduced with wild-type
(wt) or F508del CFTR cDNA under the control of a CMV promoter, thus allowing for high
amounts of CFTR protein expression. These cells are often used to study CFTR due to their
ease of growth, stable behavior over time, and their epithelial origin [4,7]. Critically, this
CFBE41o- line has frequently been utilized to quantify the rescue of abnormal CFTR as part
of a body of work leading to the currently available CFTR modulators as well as the general
understanding of CFTR biology. The overexpression of wild-type and mutant CFTR allows
for the improved isolation of CFTR protein by Western blot with the quantification of both
the immature B band and the fully glycosylated C band [8–10]. This same overexpression
generates a strong CFTR functional signal in well-validated assays such as short-circuit
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current measurement and halide or chloride efflux [9,11–13]. As such, this cell line has been
a mainstay of CFTR-focused studies over the years [14–16].

Unlike primary airway cells, many cell lines are grown in media that were not devel-
oped to support epithelial differentiation. For example, CFBE41o- cells were originally de-
scribed in culture with Minimal Essential Media (MEM) supplemented with serum, which
is among the most widely used strategies for cell line culture [6]. Over time, several studies
have employed other growth media with this cell line, including supplements designed to
encourage epithelial differentiation, while some studies have not explicitly reported the
growth media used for the respective cell culture [17–19]. This is of particular relevance to
human airway epithelia, in which several specialized media have been developed and used
to support seminal studies of CF airway epithelial behavior, including mucus dehydration,
microbial killing, and, ultimately, CFTR modulator development [20–22]. Recent studies
have demonstrated notable changes in primary cell physiology when cultured in media
with different additives [23]. Differences in the physiological behavior of the CFBE41o-
line have been reported when the cultures are grown in submerged versus air-exposed
conditions [24]. To our knowledge, however, no studies have examined how the CFBE41o-
cell line’s behavior and physiology are impacted by media selection.

In the current report, we examined the wt and F508del CFTR cell lines’ behavior under
four different growth conditions, including three specifically developed to support primary
human airway epithelia growth and differentiation. The results confirm the importance
of media selection when applied to stable cell lines expressing wt or F508del CFTR and
should be considered when designing studies of CFTR and epithelial biology.

2. Results
2.1. Markers of Epithelial and Mesenchymal Phenotypes

To assess the effect of media selection on the phenotypic characteristics of this bronchial
epithelial cell line, CFBE41o- cells of the same passage (all less than passage 30) were
plated onto semi-permeable inserts and grown for 10 days in different growth media.
Commonly utilized media for airway epithelial biology studies were selected, including
MEM [25], an Ultroser-GTM-based media (USG) [26], a media specifically optimized for
air–liquid interface culture (ALI media) [27], and a commercially available proprietary
media (PneumaCultTM—ALI media) (PC media) [28]. The cells were lysed, and protein
and RNA were isolated.

The relative expression of four commonly studied markers of epithelial and mesenchy-
mal cell behavior were quantified by quantitative reverse transcriptase PCR. These included
two epithelial markers, namely, e-cadherin, a component of the adherens junction, and
zo-1, a component of the tight junction, as well as two mesenchymal markers, specifically,
vimentin, an intermediate filament, and n-cadherin, a calcium-dependent transmembrane
adhesion protein. For each gene, media-induced changes in expression were quantified as
the fold-change compared to the MEM media. Across both F508del CFTR+ and wtCFTR+
cells, the expression of each gene of interest was generally highest in the MEM-treated
cells (Figure 1A,B). The ALI-treated cells generally demonstrated the smallest reductions in
epithelial gene expression (e-cadherin, zo-1), while the PC-treated cells demonstrated the
smallest reduction in vimentin expression (Figure 1A,B). In addition, absolute expression,
measured as the dCT values versus an actin control, was calculated for each gene of interest.
For the wtCFTR+ cells, the expression was highest (lowest dCT) for e-cadherin, and lowest
for zo-1 (average dCT values of ecad: 14.2, vim: 18.0, ncad: 19.7, and zo-1: 23.9; p < 0.0001
by one-way ANOVA). A similar pattern was noted in the F508del CFTR+ cells (average
dCT values of ecad: 14.4, ncad: 18.5, vim: 19.5, and zo-1: 24.4; p < 0.0001 by one-way
ANOVA). Between the wtCFTR+ and F508del CFTR+ cells, the basal expression levels of
e-cadherin and zo-1 were equivalent (p = 0.94 and 0.61, respectively), while vimentin and
n-cadherin were different (p = 0.002 and 0.009, respectively, by two-way ANOVA).
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Figure 1. Media selection impacts epithelial and mesenchymal marker expression in wtCFTR and 

F508del CFBE41o‐ cells. RT qPCR was performed for e‐cadherin, vimentin, zo‐1, and n‐cadherin in 
Figure 1. Media selection impacts epithelial and mesenchymal marker expression in wtCFTR and
F508del CFBE41o- cells. RT qPCR was performed for e-cadherin, vimentin, zo-1, and n-cadherin
in wtCFTR- (A) and F508del (B)-expressing CFBE41o- cells following growth in different media.
Expression was normalized to actin and expressed as fold change relative to MEM media. Sim-
ilar relative trends were noted for immunoblot of e-cadherin and vimentin in wtCFTR- (C) and
F508del (D)-expressing cells. Statistical comparisons were made within the protein of interest
(e.g., vimentin:vimentin), comparing each media to MEM. OD was normalized to C4 Actin. Light
grey—E-Cadherin; dark grey—vimentin. Using these immunoblot data, an e-cadherin to vimentin ra-
tio was calculated for wtCFTR- (E) and F508del (F)-expressing cells. * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001 vs. MEM by one-way ANOVA with Dunnett’s multiple comparison test.
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The protein expression levels of e-cadherin and vimentin were then quantified using
Western blot. A similar overall pattern of expression was noted in the cells treated with
USG and ALI media, while the MEM-exposed cells also demonstrated increased e-cadherin
compared to vimentin across both cell lines (Figure 1C,D). For the cells grown in PC media,
similar expression and protein levels of e-cadherin and vimentin were observed in the
wtCFTR+ cells, and there were higher levels of vimentin expression and protein in the
F508del CFTR+ cells (Figure 1A–D). Consequently, when comparing the protein levels of
e-cadherin:vimentin, the cells grown in PC displayed the most mesenchymal profile, which
was more pronounced in the F508del CFTR+ cells. (Figure 1E,F).

2.2. CFTR Expression

To evaluate the effect of differing growth media on CFTR expression, we examined
the protein levels of the wt and F508del CFTR lines via Western blot. As before, cells of
the same passage were grown on semi-permeable inserts in four media, lysed, and their
proteins were isolated for Western blot. In the wtCFTR+ cells, the CFTR protein levels were
the highest in the cells grown in MEM media, though the ratio of fully glycosylated C-band
to immature B-band protein was the same regardless of the media (Figure 2). Conversely,
in the F508del CFTR+ cells, the highest protein levels were noted in the cells grown in
USG media (Figure 3). When treated for 72 h with VX-809 (lumacaftor) to improve F508del
trafficking to the cell surface, no significant changes were seen in the immature B-band,
while a trend towards increased C-band levels was noted (this was significant for the ALI
media only; Figure 3A–C). When these data were expressed as a fraction of mature C-band
relative to total C + B Bands, a similar improvement in the percentage of mature protein
was seen across all groups, though this did not achieve significance in the MEM-treated
cultures (Figure 3D).
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Figure 2. wtCFTR protein expression is increased in MEM media relative to USG, PC, and ALI media.
Immunoblot for CFTR was performed and quantified for wtCFTR-expressing CFBE41o- cells (A).
Densitometry was calculated relative to C4 actin and presented for Band B (immature) (B) and Band
C (glycosylated) (C). The fraction of glycosylated wtCFTR protein (Band C/[Band C + Band B]) is
quantified in (D). *** p < 0.001; **** p < 0.0001 vs. MEM by one-way ANOVA with Dunnett’s multiple
comparisons correction.
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Figure 3. F508del CFTR protein expression is increased in USG media, with similar VX-809-induced
rescue of C Band in all media. Immunoblot for CFTR was performed and quantified for untreated
and VX-809-treated F508del CFTR-expressing CFBE41o- cells (A). Densitometry was calculated
relative to C4 actin and presented for Band B (immature) (B) and Band C (glycosylated) (C). The
fraction of glycosylated wtCFTR protein (Band C/[Band C + Band B]) is quantified in (D). Light grey
bars—vehicle; dark grey bars—VX-809. For each within-media-vehicle- and VX-809-treated pair (e.g.,
MEM with/without VX-809), comparisons by 2-tailed T test are presented above the relevant paired
bars. Comparisons across media within treatment categories (e.g., MEM, USG, PC, and ALI treated
with vehicle) were conducted by one-way ANOVA with Dunnett’s multiple comparisons correction,
noting significant differences against MEM via asterisk(s) above the individual data bar. * p < 0.05;
** p < 0.01; NS: Not Significant.

2.3. CFTR Function and Modulation

To assess if the changes in protein expression were reflected in measurable differences
in CFTR function or modulation, cells of the same passage were again grown on semi-
permeable inserts in four media for 10 days. The cells were then mounted in Ussing
chambers and CFTR function was quantified as short-circuit current (Isc).

In the wtCFTR+ cells, the stimulated CFTR function was significantly higher among
the cells grown in MEM media, with reductions of >60% of function noted in the cells
grown in USG, PC, or ALI media (Figure 4A,B). No appreciable amiloride-sensitive current
was noted across any of the cultures, which is consistent with the previous characterization
of this cell line. There were also no consistent differences in resistance or ATP-sensitive
currents across any of the groups.
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Figure 4. Media selection impacts wtCFTR but not F508del CFTR function in CFBE41o- cells. Cells
grown in four media were mounted in Ussing chambers and CFTR function was quantified under
voltage clamp conditions. In wtCFTR+ cells, significantly higher CFTR function was present in cells
grown in MEM (representative Ussing tracings in (A); aggregate data in (B)), while this differential
function was not noted in F508del CFTR+ cells (representative Ussing tracings in (C); aggregate data
in (D)). White bars—∆cAMP; light grey—∆Genistein; dark grey—∆Inh172. n = 3–4 inserts per condi-
tion. **** p < 0.0001 vs. MEM by one-way ANOVA with Dunnett’s multiple comparisons correction.

In the F508del CFTR+ cells, stimulated CFTR function was significantly reduced
compared to the wtCFTR+ cells (Figure 4C,D). There was no significant difference in the
stimulated CFTR function across the four media; however, there was a trend towards higher
function in the cells grown in ALI media. To assess the degree of correction achieved with
VX-809, a subset of cells was pretreated for 72 h. An increase in CFTR function over the
baseline was seen across all four media types when the cells were treated with VX-809, with
no significant difference in the relative increase over the baseline (Figure 5A,B). However,
given the discrepancy in the media-dependent baseline function of the wtCFTR+ cells
compared to the F508del CFTR+ cells (cAMP- and genistein-dependent changes in Isc, as
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seen in Figure 4B,D), when this pharmacologic rescue was quantified as the percentage of
wild-type function, there appeared to be significantly higher baseline and rescued function
in the cells grown in the PC and ALI media (Figure 5C). Baseline resistance was unchanged
across all lines and treatment conditions, with the exception of the VX-809-treated F508del
cells grown in ALI media (Figure 5D).
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3. Discussion 

Figure 5. Media selection does not alter F508del CFTR rescue by VX-809; however, it does impact
normalization of modulated CFTR function against wtCFTR. Cells grown in four media and treated
for 72 h with vehicle or VX-809 were mounted in Ussing chambers and CFTR function was quantified
under voltage clamp conditions. Representative tracings of corrected (dashed) and uncorrected
(solid) F508del CFTR are shown in (A), while the VX-809-induced improvement in CFTR function
is quantified in (B) as a relative change compared to vehicle. When normalized against media-
specific wtCFTR function, there is a significant apparent difference in baseline (light grey) and
VX-809-modulated (dark grey) F508del CFTR function (C); CFTR function is defined as cAMP-
and genistein-dependent Isc, as presented in Figure 4B,D. Baseline resistance measurements for all
conditions are shown in (D), with only VX-809-treated F508del inserts grown in ALI media being
statistically different across the cohort. n = 3–4 inserts per condition. * p < 0.05; ** p < 0.01; NS: Not
Significant vs. MEM by one-way ANOVA with Dunnett’s multiple comparison test (B,C), or two-way
ANOVA with Tukey’s multiple comparisons test (D).
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3. Discussion

Herein, we report the effects of media selection on markers of epithelial and mes-
enchymal balance, as well as CFTR expression and activity in a stable human airway cell
line. Cell lines are often studied as they are easy to grow and may provide more con-
sistent results compared with primary cells obtained from different donors. As culture
and model complexity grows, however, practices from primary cell culture such as media
selection have been extrapolated to cell line-related work. These studies were conducted
to understand the impact of media selection on the relevant epithelial and CFTR-specific
nature of the CFBE41o- line in hopes of informing future comparisons of studies utilizing
differing media.

In this immortalized airway epithelial cell line, media selection altered the expression
of relevant epithelial and mesenchymal markers. We chose e-cadherin (an epithelial marker)
and vimentin (a mesenchymal marker), since they are both established markers, to monitor
the epithelial:mesenchymal transition in prior publications [29,30]. While most media
conditions produced increased e-cadherin expression relative to vimentin, suggesting
an epithelial phenotype, growth in PC tended to enhance vimentin expression. This
enhancement was further pronounced in the F508del CFTR-expressing cells (Figure 1).
These results highlight the variability of expression in these markers produced by media
selection, which may have a significant impact on cell behavior and experimental results.

The CFBE41o- cell line is frequently used in studies of CFTR expression and function,
as the overexpression of this protein allows for convenient isolation and manipulation. As
such, culture-dependent alterations in CFTR expression or function may have significant
impacts on study findings and application. In this work, the wtCFTR+ cells demonstrated
significantly higher levels of CFTR protein and function in the cells grown in MEM media
compared to all others (Figure 2). Conversely, for the F508del CFTR+ cells, there was an
increase in total CFTR protein in the cells grown in USG media (Figure 3). When treated
with the CFTR modulator VX-809 (equivalent of lumacaftor), the cells grown in all four
media demonstrated similar increases in mature CFTR protein (Figure 3).

Functionally, the wtCFTR activity in the Ussing chambers mirrored this finding, with
a significantly higher degree of wtCFTR function in the cells grown in MEM compared
to other media (Figure 4). In the F508del CFTR+ cells, however, no difference was noted
in baseline function across the media treatments (Figure 4). This discrepancy between
protein and function in the F508del CFTR+ cells may represent the low overall level of
function from this mutant protein. Importantly, the relative VX-809-induced functional
rescue of F508del CFTR was similar across all media groups (Figure 5). Of note, however,
due to the significant, media-dependent discrepancy in wtCFTR function without a similar
change in F508del CFTR function, when the results regarding F508del are normalized to
wtCFTR activity, there is a dramatic difference with respect to media type, with higher
normalized baseline and rescued function in the cells grown in PC or ALI (Figure 5). Both
the wild-type and F508del CFTR function (±VX-809) quantified in this study are similar to
other published reports in this cell line, although the published ranges for both lines are
wide [14–16].

The normalization of mutant CFTR functional studies to wtCFTR activity is a common
practice, and the relative “percent of normal” CFTR activity has been utilized as a threshold
for the regulatory expansion of clinical CFTR modulators [31]. The present data may be
interpreted in several ways. One such interpretation is that the difference induced by media
selection only occurs in the wtCFTR cells. This subsequently leads to the alteration of the
denominator for the normalization of F508del CFTR function and the artificial creation of
a difference in the F508del data. An alternate interpretation is that media selection also
impacts F508del CFTR function, and that there is truly increased rescue based on growth
media. The lack of difference in the baseline F508del CFTR function across the media
groups provides evidence against this hypothesis. However, regardless of whether this
difference is biological or mathematical, the observation that the use of different media may
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alter the relationship between wtCFTR+ and F508del CFTR+ data is critical for determining
whether studies may be reliably compared.

There are several key limitations to this study. First, only e-cadherin and vimentin
were chosen to assess epithelial and mesenchymal states. These markers were chosen
due to their frequent usage in airway epithelial studies. This approach was selected to
demonstrate the potential differences in cellular phenotype caused by media selection.
However, the epithelial and mesenchymal phenotypes are complex, and the distillation of
this comparison to two genes constitutes a reductionist approach. Numerous additional
epithelial and mesenchymal markers have been described, including through single-cell
sequencing and phenotyping [32,33]. A more detailed characterization may lead to more
comprehensive knowledge of this effect. Additional time in each culture media may also
result in more phenotypic changes; however, the culture time must be balanced with the
passage time in this rapidly growing cell line.

The comparisons of CFTR expression were made using Western blot only. CFTR
mRNA levels were not quantified under the assumption of equivalent expression, as this
construct is driven by a constitutively active CMV promoter. This approach, however, may
not account for changes in mRNA stability. Additionally, the use of alternative anti-CFTR
antibodies (other than UNC clone 570) may also result in slight differences in protein
quantification. Nonetheless, the use of functional CFTR studies confirms the ultimate
product of CFTR expression as it applies to cellular physiology. The relevance of VX-809
as a CFTR modulator for these studies is also notable. Though more effective modulator
compounds exist in labs and clinics, specifically, elexacaftor combined with tezacaftor
and ivacaftor, VX-809 was intentionally chosen for these studies to provide a low level of
correction. In this way, VX-809 provides the minimal desired detectable level of correction
for future work.

In summary, these studies in a stable human airway cell line demonstrated significant,
media-dependent impacts on cell phenotype and CFTR expression and function, and these
differences varied based on CFTR expression status. Attention to cell behavior in different
growth conditions, including in stable cell lines, should be considered when examining
airway cell biology and CFTR activity. In light of the above, we recommend the formulation
of standardization between the various laboratories in order to allow for uniformity in
the reporting of results. Based upon precedents and the robust functional rescue of CFTR
seen in the “classical” MEM-based media, our group proposes that this approach should
be utilized as a standard method of culture, with exceptions or changes made only when
necessary and relevant to the desired outcomes and analyses.

4. Materials and Methods

Cell Culture. CFBE41o- cells were maintained longitudinally in MEM (Thermo Fisher
Scientific, Waltham, MA, USA) with 10% FBS (Corning, Corning, NY, USA) and 1% peni-
cillin/streptomycin (Quality Biological, Gaithersburg, MD, USA) in a humidified incu-
bator at 37 ◦C and with 5% CO2 on fibronectin/collagen-coated dishes [2]. Cells were
passaged onto 6.5 mm permeable inserts and exposed to different media for 7–10 days
(apical and basolateral surfaces). To assess the impact of different media selection, cells
were exposed to either MEM [25] or to three media traditionally used during the dif-
ferentiation phase of primary cell culture: Ultroser-GTM-based media (USG) [26], a me-
dia specifically optimized for air–liquid interface culture (ALI media, purchased from
https://www.med.unc.edu/mlicellcore/services/) [27], and a commercially available pro-
prietary media (PneumaCultTM—ALI media) (PC media) [28]. VX-809 (Selleck Chemicals,
Houston, TX, USA; 3 µM) was included for 72 h to correct F508del CFTR processing
where applicable.

RNA Isolation and RT qPCR. Expression of epithelial (e-cadherin) and mesenchymal
(vimentin) markers was monitored by RT qPCR as previously described [34,35]. In brief,
cells on inserts were lysed and RNA was isolated using the commercially available RNeasy
Mini Kit (Qiagen, Venlo, The Netherlands). Quality control was assured using a Nanodrop
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2000c (Thermo Fisher Scientific). RNA expression of relevant genes was quantified via
RT qPCR normalized to actin as a housekeeping gene and then expressed as fold-change
compared to MEM.

Protein Isolation. Isolation and quantification of e-cadherin, vimentin, and CFTR was
performed as previously described [36]. In brief, cells were lysed with Complete Lysis-M
Buffer (Roche Diagnostics, Risch-Rotkreuz, Switzerland) and manually scraped with a
pipette tip. The lysate was then centrifuged at 300× g for 5 min and the supernatant was
separated from the cell pellet. Protein quantification was performed with the BioRad DC
Protein Assay kit (Bio-Rad, Hercules, CA, USA) and immunoblot was performed using
established Western blot techniques with densitometric quantification [37]. Antibodies
used include e-cadherin (Rabbit mAb #3195, Cell Signaling Technology, Danvers, MA,
USA), vimentin (Rabbit mAb #5741, Cell Signaling Technology), CFTR (mouse anti-CFTR
clone 570, University of North Carolina at Chapel Hill, NC, USA), and C4 actin (mouse
anti-Actin (C4), cat# LMAB-C4, Seven Hills Bioreagents, Cincinnati, OH, USA).

CFTR Function. CFTR function was measured in Ussing chambers and studied as pre-
viously described [38]. Briefly, short-circuit current (Isc) and resistance were measured un-
der voltage-clamp conditions using Acquire and Analyze 2.3 software. Cells were studied in
an asymmetric chloride solution (6 mM Cl− apical buffer) to produce a basolateral-to-apical
Cl−-secretory gradient. Then, cells were treated apically with amiloride (sodium-channel
blocker, 100 µM). CFTR was stimulated with forskolin (activator of transmembrane AC,
10 µM) and IBMX (nonspecific PDE-inhibitor, 100 µM) in both compartments. Genistein
(50 µM) was added apically to potentiate CFTR. At the end of all studies, CFTR Inhibitor-172
(10 µM) was added to the apical compartment to block CFTR.

Statistical analyses. All studies included 3–4 inserts per condition and were repeated
in duplicate or triplicate with consistent results. All data were imported into Prism v9.3.1
(GraphPad Software, LLC, San Diego, CA, USA) for analysis. Unpaired, 2-tailed t tests
(2 group comparisons, with Holm–Šidák correction for multiple comparisons where appli-
cable) and one- or two-way ANOVA (multiple groups, with Dunnett’s or Tukey’s multiple
comparison test where applicable) were used to compare continuous data, with an a priori
α (p) value less than 0.05 used to determine statistical significance. Mean estimates (±SEM)
are presented for comparison of continuous data.

5. Conclusions

The present studies in a stable human airway cell line demonstrated significant, media-
dependent impacts on cell behavior, and these differences varied based on CFTR expression
status. Cell behavior under different growth conditions, including in stable cell lines, should
be considered when examining airway cell biology and CFTR function. The generation of
standardized media approaches and method reporting across laboratories utilizing such
models will improve transparency and the ability to compare results across studies.
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