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Introduction
Recent advances in small molecule therapies have greatly 
improved the outlook for those with cystic fibrosis (CF) caused by 
certain mutations in the CF transmembrane conductance regula-
tor (CFTR). These highly effective modulator therapies target the 
underlying defects in the CFTR protein (1). The latest combina-
tion of elexacaftor, tezacaftor, and ivacaftor (ETI or TRIKAFTA) 
combines 2 correctors (ET) and a potentiator (I), producing 
remarkable improvements in lung function in many, but not all, 
CF patients carrying at least one copy of the most common CFTR 
mutation, F508del (2–4). Heterogeneous responses to ETI (4) sug-
gest that additional factors can influence the efficacy of even high-
ly effective CFTR modulators.

The efficacy of modulator therapy in a CF inflammatory air-
way environment has been controversial, with some studies show-
ing improved functional CFTR recovery (5, 6). However, the cyto-
kine TGF-β1 is not only linked to worse pulmonary outcomes in CF 
(7, 8), but can also diminish the efficacy of first/second generation 
modulators to rescue mutant CFTR function in vitro (9) by reduc-
ing the expression of CFTR mRNA (9–11). TGF-β1 can also induce 
the expression of other proinflammatory mediators that influence 
the efficacy of CFTR modulators: an example is COX2 (12) and 
its major enzymatic product, prostaglandin E2 (PGE2), which are 

both elevated and themselves considered mediators of inflamma-
tion (13). Not only are both COX2 and PGE2 implicated in CF lung 
disease (14, 15), but the ability of ibuprofen, a nonselective COX 
inhibitor, to slow lung disease progression in pediatric CF patients 
(16) points to an important role for COX2 in the pathophysiology 
of CF pulmonary disease.

Losartan, used clinically as a type 1 angiotensin II receptor 
blocker (ARB) for treatment of hypertension, is known to inhib-
it TGF-β signaling and exert antiinflammatory properties inde-
pendently of its receptor-blocking action. We previously demon-
strated that losartan and its anti–TGF-β metabolite EXP3179, 
which has no angiotensin receptor–blocking properties, could 
reverse TGF-β1–induced mucociliary dysfunction in an ovine mod-
el of CF-like airway disease in vivo and in CF bronchial epithelial 
(CFBE) cells in the absence of highly effective CFTR modulators 
in vitro (17). This is achieved, in part, by the ability of losartan to 
reverse TGF-β1–induced dysfunction of the large conductance, 
Ca2+-activated, and voltage-dependent K+ (BK) channels that are 
important for airway surface liquid (ASL) hydration (17–20). In this 
study, we demonstrate that TGF-β1 reduces the efficacy of ETI on 
functional F508del-CFTR recovery, causing impairments in muco-
ciliary clearance in primary CFBE cells in vitro. Losartan reversed 
TGF-β1–induced mucociliary dysfunction through a corrector 
mechanism that likely involves reducing TNF-α and COX2 expres-
sion. Importantly, those with CF who had worse lung function 
responses to ETI had higher levels of TGF-β1 activity in the upper 
airway, demonstrating the clinical relevance of these studies.

Results and Discussion
Expression of TGF-β1 is associated with worse response to ETI in  
CF patients. To determine whether the in vivo response to ETI is 
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Losartan rescues TGF-β1–induced ASL absorption and mucus 
hyperconcentration in ETI-treated CF ALI cultures. TGF-β1–medi-
ated reduction in F508del-CFTR activity correlated with a sig-
nificant increase in ASL absorption in CFBE cells after 24 hours 
despite the presence of ETI (Figure 2E). Losartan reversed 
TGF-β1–mediated ASL dehydration and restored ASL absorp-
tion rates to that of CFBE cells treated with ETI alone (Figure 
2E). Losartan similarly improved ASL volumes in TGF-β1– and 
lumacaftor-treated F508del CFBE cells, but not in TGF-β1– and 
ivacaftor-treated G551D/F508del CFBE cells (Supplemental 
Figures 2 and 3). TGF-β1–induced ASL dehydration led to mucus 
hyperconcentration, as determined by the percentage of mucus 
solids, in ETI-treated CFBE cells (Figure 2F). Losartan significant-
ly reduced the percentage of mucus solids in TGF-β1–exposed, 
ETI-treated CFBE cells (Figure 2F).

TGF-β1 has a detrimental impact on ion channels other 
than CFTR that are important for ASL hydration (17, 19). We 
found that basolateral TGF-β1 (5 and 10 ng/mL) also significant-
ly reduced BK channel function in CFBE cells homozygous for 
F508del-CFTR in the presence of tezacaftor and ivacaftor (Sup-
plemental Figure 4). Losartan rescued TGF-β1 inhibition of BK 
channel activity (Supplemental Figure 4). Thus, it is possible that 
these ion channels contribute to losartan’s reversal of TGF-β1–
induced ASL dehydration.

Reversal of TGF-β1 inhibition of ETI-corrected F508del CFTR 
function by losartan seems independent of miR-145 and its ARB abil-
ity. We further investigated the mechanism by which losartan 
blocks TGF-β1 signaling to improve ETI-corrected F508del-CFTR 
function. TGF-β1 can induce microRNA-145 (miR-145) expression, 
which downregulates expression of CFTR mRNA (9, 25, 26). Baso-
lateral TGF-β1 significantly increased miR-145 in ivacaftor-treated 
CFBE cells after 24 hours (Figure 2G). However, losartan did not 
ameliorate this TGF-β1 effect (Figure 2G). Furthermore, losar-
tan failed to reverse TGF-β1–mediated downregulation of CFTR 
mRNA expression (Figure 2H), suggesting the anti–TGF-β1 action 
of losartan is unlikely due to regulation of miR-145.

EXP3179 (5 μM), with no ARB property, rescued TGF-β1 inhi-
bition of ETI-corrected F508del-CFTR function and restored 
ASL volumes after 24 hours similarly to losartan, supporting the 
notion that losartan’s effects do not involve angiotensin receptor 
blockade (Figure 2, I–K).

Losartan reduces TGF-β1–induced increases in TNF-α in ETI- 
treated CF ALI cultures. Compared with ETI treatment alone, 

affected by airway TGF-β1 activity, we collected nasal epithelial 
lining fluid from CF participants with at least 1 copy of F508del 
who were on ETI at the time (Table 1). Nasal mucosal samples were 
used because they are an accessible surrogate for lower airways 
(21). We determined associations between TGF-β1 activity and 
sweat chloride concentration (an indirect measure of CFTR activi-
ty) as well as change in lung function in CF participants after start-
ing ETI (<3 months). There was a significant correlation between 
levels of active TGF-β1 (expressed as a ratio of active/total TGF-β1) 
and poor improvement in percentage predicted forced expiratory 
volume in 1 second (ppFEV1) after starting ETI (Figure 1A). There 
was also a significant correlation between active TGF-β1 and 
sweat chloride concentrations (Figure 1B). These data suggest that 
TGF-β1–dominant inflammation reduces ETI efficacy.

TGF-β1 inhibits ETI-corrected F508del-CFTR function in CF 
air-liquid interface cultures. We investigated whether TGF-β1 
inhibits the correction of F508del-CFTR by ETI in primary CFBE 
cells homozygous for F508del-CFTR cultured at the air-liquid 
interface (ALI). Characteristics of CF donor lungs are listed in 
Supplemental Table 1 (supplemental material available online 
with this article; https://doi.org/10.1172/JCI155241DS1). Expo-
sure of CFBE cells to recombinant TGF-β1 (5 ng/mL) in the 
basolateral media significantly reduced both noncorrected and 
ETI-corrected F508del-CFTR function after 24 hours (Figure 1, C 
and D). TGF-β1 was previously shown to decrease CFTR mRNA 
levels (9–11). Similarly, we found that 24-hour TGF-β1 exposure 
decreased expression of F508del-CFTR mRNA in CFBE cells 
treated with ETI (Figure 1E). Importantly, the effects of TGF-β1 on 
ETI-corrected F508del function and expression were blocked by 
the TGF-β receptor 1 inhibitor galunisertib, demonstrating a spe-
cific action of TGF-β1 (Figure 1, F and G).

Losartan partially restores F508del-CFTR correction by ETI 
in TGF-β1–exposed CF ALI cultures. Next, we tested to determine 
whether losartan could ameliorate the effects of TGF-β1 on 
ETI-corrected F508del-CFTR function in vitro. CFBE cells were 
treated with losartan (10 μM) in the basolateral media for at least 
21 days to allow for accumulation of EXP3179 (17) before the addi-
tion of ETI and TGF-β1 (5 ng/mL). Chronic losartan treatment had 
no impact on the expression of the TGF-β receptor or transepithe-
lial resistance and CFTR activity in CF ALI cultures (Supplemen-
tal Figure 1). However, losartan improved F508del-CFTR con-
ductance by a mean of 58% in ETI- and TGF-β1–exposed CFBE 
cells (Figure 2A). Furthermore, ETI-corrected F508del-CFTR 
function was restored to 21% of WT CFTR activity with losartan 
compared with 13.3% without (Figure 2B). CFTR correction that 
improves activity to more than 10% of the WT level in vitro is con-
sidered clinically relevant. In fact, the correction level of CFTR 
is significantly correlated with FEV1 changes in those with CF on 
modulators (22–24). Losartan also improved F508del-CFTR con-
ductance in TGF-β1–exposed CFBE cells in the presence of the first- 
generation CFTR corrector lumacaftor (Supplemental Figure 2). 
TGF-β1 caused a small but significant reduction in CFTR conduc-
tance in ivacaftor-treated G551D/F508del CFBE cells, an effect 
that was not reversed by losartan (Supplemental Figure 3). TGF-β1 
did not affect the conductance of calcium-activated chloride cur-
rents (CaCC) or transepithelial resistance of ETI-treated CFBE 
cells (Figure 2, C and D).

Table 1. Characteristics of study participants

Characteristic Before ETI (n = 20) After ETI (n = 20)
Age (yr) 30 ± 10 –
Male sex, no. (%) 13 (65) –
Female sex, no. (%) 7 (35)
F508del homozygous, no. (%) 11 (55) –
Pancreatic insufficient, no. (%) 20 (100) –
ppFEV1 63 ± 29 70 ± 29
BMI (kg/m2) 21.8 ± 3.6 23.0 ± 3.3
Prior modulator use — no. (%) 13 (65) –
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mRNA expression in CFBE cells (17). COX2 mRNA is similarly 
increased in ETI-treated CFBE cells after 24-hour basolateral  
TGF-β1 exposure, an effect blocked by galunisertib (Figure 3E). 
Losartan also partially reversed TGF-β1–induced increases in 
COX2 mRNA expression (Figure 3F), suggesting that reducing 
COX2 activity might be an important mechanism of restoring 
CFTR function. To determine whether COX2 contributes to 
TGF-β1 inhibition of ETI-mediated F508del-CFTR correction, 
a selective inhibitor was used (27). NS-398 (10 μM) significantly 
improved F508del-CFTR activity in TGF-β1–treated CFBE cells 
in the presence of ETI (Figure 3G). NS-398 alone did not alter 
CFTR function (Supplemental Figure 6). Finally, we found a  
significant correlation between TGFB1 and COX2 mRNA expres-
sion from nasal cells of CF participants on ETI (Figure 3H),  
suggesting that elevated COX2 might contribute to the reduced 
efficacy of ETI in these individuals.

In summary, we show that elevated levels of TGF-β1 in the 
upper airway correlate with higher sweat chloride concentra-
tions and smaller improvements in ppFEV1 after starting ETI in 
CF patients. Due to the cross-sectional study design, we were 

exposure of ETI-treated CFBE cells to basolateral TGF-β1 led to 
significantly increased expression levels of TNFA mRNA after 24 
hours, and both galunisertib and losartan significantly reduced 
these effects (Figure 3, A and B). Increased TNFA mRNA expres-
sion correlated with increased levels of secreted TNF-α protein in 
basolateral media, which was reversed by losartan (Figure 3C). 
The role of TNF-α in assisting modulator correction of mutant 
CFTR function remains unclear (5). Although the combination 
of TNF-α (10 ng/mL) with IL-17 (20 ng/mL) was recently shown 
to improve ETI-corrected F508del-CFTR function (5), we found 
that TNF-α alone (10 ng/mL) reduced the efficacy of ETI in mod-
ulating F508del-CFTR function (Figure 3D). TNF-α also induced 
a significant increase in mRNA expression levels of COX2 and 
known downstream cytokines, including IL1B, IL6, and IL8 (Sup-
plemental Figure 5). These data suggest that reducing TNF-α may 
partially explain the ability of losartan to rescue TGF-β1–mediated 
impairments in ETI-corrected F508del-CFTR function.

COX2 inhibition partially restores F508del-CFTR correction 
by ETI in TGF-β1–exposed CF ALI cultures. We previously found 
that TGF-β1, in the absence of CFTR modulators, induces COX2 

Figure 1. Effects of TGF-β1 on ETI efficacy in CF patients in vivo and homozygous F508del CFBE cells in vitro. (A and B) TGF-β1 correlations with 
outcome parameters after starting CF patients on ETI. (A) TGF-β1 (ratio of active/total) in nasal fluid collected with Leukosorb from CF patients on 
ETI is inversely correlated with ppFEV1 improvement within 3 months of starting ETI. TGF-β1 was measured both in its active and total form and 
is expressed as a ratio. (B) TGF-β1 is positively correlated with sweat chloride values (higher values indicate less CFTR activity, which shows worse 
response to ETI). Statistics (A and B): Spearman’s correlation coefficient, 1-tailed P values. (C and D) Basolateral TGF-β1 (5 ng/mL) causes a signifi-
cant decrease in noncorrected (C) and ETI-corrected (D) F508del-CFTR conductance after 24 hours. n = 5, ≥2 CF lungs. ISC, short circuit current.  
(E) CFTR mRNA expression levels are significantly reduced in ETI-treated CFBE cells 24 hours after basolateral exposure to TGF-β1. n = 4, 4 CF 
lungs. (F and G) Galunisertib (Gal) (10 μM) rescues the effects of TGF-β1 on ETI-corrected F508del-CFTR function (F) and CFTR mRNA expression 
(G). n = 8, 3 CF lungs. Statistics (C–G): Data are shown as mean ± SEM. *P < 0.05. Student’s t test (C) and 1-way ANOVA followed by Holm-Šidák 
(D–G) after assessing normality by Shapiro-Wilk.
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Figure 2. Losartan partially rescues TGF-β1–mediated impairments to ETI-corrected F508del-CFTR function in homozygous F508del CFBE cells  
in vitro. (A) Fully differentiated CFBE cells were exposed to DMSO (Control), ETI, ETI plus TGF-β1 (5 ng/mL), or ETI plus TGF-β1 plus losartan (10 μM). 
All exposures are 24 hours except for losartan (≥21 days). The TGF-β1–mediated decrease in ETI-corrected F508del-CFTR conductance was partial-
ly rescued by losartan. n = 10, 5 CF lungs. (B) F508del-CFTR currents in A are shown as percentages of WT (non-CF) CFTR activity. (C and D) CaCC 
conductance (C) and transepithelial resistance (TER) (D) in ETI-treated F508del CFBE cells were not significantly changed by TGF-β1 in the presence 
or absence of losartan. n ≥ 8, 4 CF lungs. (E) Basolateral TGF-β1 induces greater ASL absorption (indicated by a more negative ΔASL volume) in 
ETI-treated CFBE cells after 24 hours, which is reversed by losartan. n = 10, 4 CF lungs. (F) TGF-β1 exposure increases mucus concentration (indicated 
by an increase in % mucus solids) in ETI-treated CFBE cells after 48 hours, which is reversed by losartan. n = 6, 3 CF lungs. (G) Basolateral TGF-β1 
induces a significant increase in the expression of miR-145 in ETI-treated CFBE cells after 24 hours. Losartan does not reverse the increase in miR-145 
expression. n = 8, 5 CF lungs. (H) CFTR mRNA expression is significantly reduced in ETI-treated CFBE cells 24 hours after TGF-β1 exposure. Losartan 
does not restore levels of CFTR mRNA expression. n = 8, 5 CF lungs. (I) The TGF-β1–mediated decrease in ETI-corrected F508del-CFTR conductance is 
partially rescued by EXP3179 (5 μM). CFBE cells were pretreated with EXP3179 for 1 hour before addition of TGF-β1. n = 9, 5 CF lungs. (J) F508del-CFTR 
currents in I are shown as percentages of WT (non-CF) CFTR activity. (K) ASL absorption induced by TGF-β1 in ETI-treated CFBE cells is reversed by 
EXP3179. n = 6, 4 CF lungs. Data are shown as mean ± SEM. *P < 0.05, 1-way ANOVA followed by Holm-Šidák (A, C, E, F, I, and K) and Friedman test 
(D, G, and H) after assessing normality by Shapiro-Wilk.
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that losartan may function in part by abrogating the effects of 
TGF-β1 on mutant CFTR correction: ibuprofen can itself func-
tion as a CFTR corrector via COX inhibition (28). Even though 
this was reported as COX1 inhibition, these studies were not per-
formed under inflammatory conditions. Furthermore, our data 
show that blocking COX2 reverses TGF-β1 inhibition of ETI-cor-
rected F508del-CFTR function, providing further evidence that 
increased COX2 is harmful in CF pulmonary disease. Finally, 
losartan reversed TGF-β1–induced increases in TNF-α, which 
by itself increases COX2 expression and impairs ETI-corrected 
F508del function. These studies set the stage for clinical stud-
ies using losartan for those with CF who are treated with ETI but 
show poor clinical responses.

Methods
Detailed methods are described in Supplemental Methods.

Study approval. The study protocol was approved by the University 
of Kansas Medical Center Institutional Review Board, and informed 
consent was obtained from each participant.

unable to determine whether TGF-β1 levels improved upon ini-
tiation of ETI. The small number of participants was also a lim-
itation. Although our in vivo data seemingly contradict recent 
evidence that some cytokines can improve the efficacy of CFTR 
modulators (5, 6), airway inflammation varies in its composition,  
thereby affecting treatment with highly effective modulators 
differently. In further support of a detrimental role for TGF-β1 
in CF, our in vitro data demonstrate that TGF-β1 impairs the  
function of ETI-corrected F508del-CFTR by reducing CFTR 
mRNA and by increasing expression of TNFA and COX2  
mRNA and TNF-α protein.

Losartan and its metabolite EXP3179 can ameliorate the 
effects of TGF-β1 in ETI-corrected F508del CFBE cells in vitro. 
This is achieved independently of CFTR mRNA regulation. Fur-
thermore, losartan did not rescue TGF-β1 inhibition of CFTR 
function in ivacaftor-treated G551D/F508del CFBE cells, pos-
sibly indicating it works on correction, not potentiation, even 
though these results were based on a single donor. However, the 
ability of losartan to reduce COX2 expression supports the idea 

Figure 3. Losartan reverses TGF-β1–induced increases in TNF-α and COX2 expression in ETI-treated homozygous F508del CFBE cells in vitro.  
(A) Galunisertib (10 μM) rescues TGF-β1–induced increases in TNFA mRNA expression levels in ETI-treated CFBE cells after 24 hours. n = 7, 3 CF 
lungs. (B) Losartan partially inhibits TGF-β1–induced increases in TNFA mRNA expression levels after 24 hours. n = 6, 3 CF lungs. (C) The increase  
in secreted TNF-α protein in the basolateral media after TGF-β1 exposure is reversed by losartan. n = 9, 4 CF lungs. (D) Basolateral TNF-β (10 ng/mL) 
causes a significant reduction in ETI-corrected F508del-CFTR activity. n = 8, 4 CF lungs. (E) Galunisertib (10 μM) rescues TGF-β1–induced increases 
in COX2 mRNA expression levels in ETI-treated CFBE cells after 24 hours. n = 7, 3 CF lungs. (F) Losartan also reduces TGF-β1–induced increases in 
COX2 mRNA expression. n = 6, 3 CF lungs. (G) The decrease in ETI-corrected F508del-CFTR conductance caused by TGF-β1 exposure is reversed by 
the COX2 inhibitor NS-398. n = 7, 3 CF lungs. (H) Correlation between nasal cell TGFB1 and COX2 mRNA expression in CF participants on ETI. Only 
cDNA samples with Ct values below 30 for GAPDH were used for analysis. For A–G, data are shown as mean ± SEM. *P < 0.05, Friedman test (A, C, 
and E); 1-way ANOVA followed by Holm-Šidák (B, F, and G); and Student’s t test (D) after assessing normality by Shapiro-Wilk; Spearman’s correla-
tion coefficient, 2-tailed P values (H).
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