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ARTICLE INFO ABSTRACT

Keywords: Background: We recently demonstrated that 48 h exposure of primary human bronchial epithelial (hBE) cells,
Cystic fibrosis obtained from both CF (F508del homozygous) and non-CF subjects, to the triple drug combination Elexacaftor/
ETI " Tezacaftor/Ivacaftor (ETI) results in a CFTR genotype-independent modulation of the de novo synthethic
Tézaca tor pathway of sphingolipids, with an accumulation of dihydroceramides (dHCer). Since dHCer are converted into
Dihydroceramides . . . s .

Myelin ceramides (Cer) by the action of a delta-4 sphingolipid desaturase (DEGS) enzyme, we aimed to better under-

stand this off-target effect of ETI (i.e., not related to CFTR rescue)

Methods: hBE cells, both F508del and wild-type, were cultured to create fully differentiated bronchial epithelia.
We analyzed Cer and dHCer using an LC-MS based method previously developed by our lab. DEGS expression
levels in differentiated hBE cells lysates were quantified by western blot analysis.

Results: We demonstrated that 1) dHCer accumulate in hBE with time following prolonged ETI exposure, that 2)
similar inhibition occurs in wild-type primary human hepatocytes and that 3) this does not result in an alteration
of DEGS expression. We then proved that 4) ETI is a direct inhibitor of DEGS, that 5) Tezacaftor is the molecule
responsible for this effect, that 6) the inhibition is concentration dependent. Finally, after repeated oral
administration of ETI to naive, non-CF, mice, we observed a slight accumulation of dHCer in the brain.
Conclusions: We believe that further investigations on Tezacaftor should be envisaged, particularly for the use of
ETI during pregnancy, breastfeeding and in the early stages of development. DEGS dysfunction and dHCer
accumulation causes impairment in the development of the nervous system, due to a derangement in myelin
formation and maintenance.

1. Introduction reported, ranging from severe acute liver dysfunctions (see EMA product

information file [1]) to abdominal pain, diarrhea and nausea (in up to

The triple drug combination Elexacaftor/Tezacaftor/Ivacaftor
(Elexa/Teza/Iva or ETI) is a highly effective treatment, which has
dramatically improved the expectancy and quality of life of many people
with CF (pwCF). The drug is taken daily in the morning, in association
with a high fat meal, with an additional dose of Ivacaftor later during the
day. Despite being a generally well-tolerated drug, some side effects are
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69% of subjects [2]) to “brain fog” [3]. Upon ETI treatment, a significant
percentage of pwCF experiences debilitating neuropsychiatric adverse
effects [4]. The attention toward this drug remains high in the scientific
community and several safety studies are currently ongoing. Both EMA
and FDA files on ETI (trade names: Trikafta in USA and Kaftrio in
Europe) [1,5] report several interesting information, specifically for
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Tezacaftor. This molecule has a good oral bioavailability in rats and dogs
(40-50%), with maximum blood levels reached in the 2-8 h after
administration. While no major sign of drug accumulation was observed
in any of the tested animal models, Teza widely distributes into the body
(lungs, liver and brain) and it passes through the blood-brain-barrier
[6]. Quite interestingly, placental transfer of the drug, although low,
is observed and it has been recently demonstrated that ETI is detectable
in the blood of babies born from mothers with CF undergoing treatment
[7]. This is of relevance, because women with CF are increasingly
planning pregnancy and the number of babies born from mothers un-
dergoing ETI is increasing, thanks to the undeniable efficacy of this drug.
In many cases, pregnant women with CF decide not to suspend the
treatment. On the other hand, the only paper reporting data on ETI
safety during pregnancy, while generally reassuring, just refers to “45
ETI exposed” pregnancies [8]. Moreover, after dedicated safety studies
[9], in April 2023 FDA approved the use of ETI in children from 2 to 6
years old. [6]. We have recently reported that ETI is able to alter the
balance between dihydroceramides and ceramides in the human bron-
chial epithelium in a genotype-independent way, with cells from CF and
non-CF subjects showing the same behavior [10]. In the de novo syn-
thetic pathway of sphingolipids, ceramides (Cer) are produced from
dihydroceramides (dHCer) by the action of sphingolipids desaturase
(DEGS), a sphingolipid delta(4)-desaturase (DEGS) that is able to oxidize
an N-acyl sphinganine at position 4 to an N-acyl sping-4-enine, i.e., a
ceramide [11]. DEGS]1, the most abundant enzyme, [11] only converts
dHCer into Cer while DEGS2 also acts as a monooxygenase [11,12]
producing 4-hydroxyceramides (phytoceramides) from dHCer. It is also
assumed that DEGS has similar activity on dihydrosphingolipids of
virtually all chain lengths, although there is a lack of experimental ev-
idence mainly due to the difficulty in obtaining meaningful data in in
vitro assays. In fact, dihydrosphingolipids have huge solubility issues in
aqueous buffers [13], in particular the longer sphingoid bases (longer
sphingoid bases are less and less soluble in water). Another important
activity of DEGS] lies in its vitamin A isomerase activity [14]: this
enzyme also converts trans-retinol into cis-retinol in retinal cells and it
thus plays a significant role in the mechanism of vision. DEGS severe
malfunction results in accumulation of dHCer in tissues [15] and accu-
mulation of dHCer is linked to neurodegeneration [11,16,17], with a
loss of white matter and defective myelin formation or maintenance
[84]. Furthermore, DEGS alterations induce increased susceptibility to
epilepsy [11,16,18]. In the present work, we aimed at expanding our
previous observations on the inhibitory effect of ETI on DEGS1 activity.
We first characterized the time-profile of the dHCer/Cer ratio modula-
tion by ETI and we proved that dHCer accumulation is not limited to
bronchial cells, but also observed in human hepatocytes. We then found
that DEGS expression is not affected by ETI and, by using an in vitro
functional assay, we demonstrated that Tezacaftor is able to directly
inhibit DEGS in a concentration-dependent way. Finally, we translated
our findings in vivo and we showed that prolonged oral administration
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of ETI to mice results in a minor, but significant, accumulation of dHCer
in the brain.

2. Materials and methods

Please see the Supplementary Material for a detailed discussion of all
Materials and Methods

3. Results and discussion

To refine our previous observations [10], we exposed human bron-
chial epithelial (HBE) cells derived from three F508del homozygous CF
subjects and three non-CF subjects to vehicle alone (DMSO; as control
condition) and/ or ETI (3,10 and 5 pM for Elexacaftor, Tezacaftor and
Ivacaftor, respectively) up to 14 days, following the experimental
workflow shown in Suppl. Figure S1. For each of these timepoints we
measured the dHCer/Cer ratio. The results are reported in Fig. 1.

Exposure to ETI produces a steady accumulation of dHCer in HBE
cells and it is confirmed that exposure for 24-48 h roughly doubles the
amount of dHCer, while two weeks of continuous ETI exposure induces a
marked and significant accumulation of these lipids compared to DMSO
alone. We then explored the possibility that ETI might induce a decrease
in the levels of expression of DEGS in the HBE while acting as CFTR
modulator. To this purpose, the same CF and non-CF epithelia were
lysed at indicated timepoints and subjected to SDS-PAGE followed by
immunoblot to evaluate both CFTR maturation and DEGS1 protein
expression (Fig. 2).

First, we verified ETI efficacy in improving the maturation of mutant
CFTR. As expected, in lysates of epithelia derived from F508del homo-
zygous subjects, treated with vehicle alone, the prevalent form was the
immature, core-glycosylated CFTR protein (band B). Treatment with ETI
rescued mutant CFTR as shown by the appearance of the mature, fully
glycosylated form of the channel (band C) (Fig. 2A, C upper panel).
Indeed, the fraction of the mature protein (calculated over the total
amount of protein, i.e. band C over band C + band B) displayed a 4- to
16-fold increase. On the contrary, in total cell lysates of epithelia derived
from non-CF subjects, under resting condition, the mature form of CFTR
(band C) was the most represented, with only a small amount of the
immature form. Upon ETI treatment, the fraction of the mature protein,
with respect to total protein, was not altered (Fig. 2B-D upper panel).
Then, we evaluated whether ETI treatment influenced the expression of
DEGSL1. As shown in Fig. 2 (A, C lower panel and B, D lower panel), in
both CF and non-CF cells prolonged ETI treatment does not alter the
levels of expression of DEGS, and it can thus be envisaged that ETI is
indeed a direct inhibitor of this enzyme. We thus investigated the
inhibitory activity of ETI on DEGS, by using an in-vitro functional assay
described in 1997, when DEGS activity was characterized [13]. We used
human liver microsomes (commercially available) as source of DEGS
and we monitored the formation of d18:1/12:0 Cer from its precursor
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Fig. 1. dHCer/Cer ratio in HBE cells exposed to ETI for up to 14 days for four abundant sphingolipid species. Cells were obtained from 3 non-CF and 3 CF (ho-
mozygous F508del mutation) individuals. Both genotypes show the same trend for a steady accumulation of dHCer over time. *** and **= p < 0.01 and p < 0.01
respectively compared to cells exposed to DMSO for 14 days in a one-way ANOVA. ETI was administered at the same 3, 10 and 5 M concentration for the three drugs

respectively.
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Fig. 2. Biochemical analysis of CFTR and DEGS1 protein expression pattern. A-B Representative western blot images showing CFTR and DEGS1 electrophoretic
mobility in lysates of bronchial epithelia derived from three subjects homozygous for F508del-CFTR (in A, Donor ID: HBE86, HBE91, HBE115) and three non-CF
individuals (in B, Donor ID: HBE169, HBE170, HBE177). Prior to lysis, epithelia were treated with ETI or DMSO as depicted in the experimental workflow in
Suppl. Figure S1. Lysates of nasal epithelia derived from a CF donor homozygous for G542X variant (ID: GE220) have been included as negative control. In the last
lane of panel A lysates of HBE170 epithelia (indicated as non-CF) treated with vehicle alone for 14 days has been included as control. In the last lane of panel B lysates
of HBE91 epithelia (indicated as F508del/F508del) treated with vehicle alone for 14 days has been included as control. Arrows indicate the complex-glycosylated
(band C) and core-glycosylated (band B) forms of the CFTR protein. C-D Bar graphs showing CFTR maturation (expressed as C/(C + B) band ratio; upper panels) and
DEGS1 densitometry (lower panel) of the western blot experiments shown in A and B, respectively. Error bars means + SD.

d18:0/12:0 dHCer, used as exogenous substrate, over 3 h. The reaction
was initiated by the addition of NADH. Fenretinide, a known DEGS in-
hibitor [19,20] that reached clinical trials for CF [21,22] and cancer
treatment [23] as modulator of ceramide metabolism, was used as
positive control. DMSO was used as negative control. The results are
reported in Fig. 3.

As clearly demonstrated by the functional assay, ETI is a direct in-
hibitor of DEGS, able to slow down its ability to convert dHCer into Cer
with an efficacy comparable to that of Fenretinide. By using the same
assay, we then investigated the effect of each of the three ETI compo-
nents individually and, as reported in Fig. 4A, we identified Tezacaftor
as the (sole) molecule responsible for the observed inhibition.

Indeed, the level of DEGS inhibition in the presence of Tezacaftor
alone (at 10 uM) does not differ from that observed in the presence of
ETIL, while Elexacaftor and Ivacaftor did not show any effect on DEGS
activity. We then went one step further and explored the concentration/
inhibition profile of Tezacaftor. As reported in Fig. 4B, this drug inhibits
DEGS in a concentration dependent manner, with an IC50 around 3 pM,
a concentration that caused a decrease in the enzymatic activity around

50-60 %. Our data clearly indicate that Tezacaftor is a direct inhibitor of
DEGS and that, following continuous administration of ETI, an accu-
mulation of dHCer is clearly observable. Based on the in vitro data we
collected on HBE and on liver microsomes, 3 pM Tezacaftor decreases
DEGS activity to roughly 50 %. To better assess the real impact of our
findings on the main players of human lipid and drug metabolism, we
also tested the ability of ETI and Tezacaftor to inhibit DEGS in cultured
human hepatocytes. Figure S2 shows the dHCer/Cer observed in
cultured human (non-CF) hepatocytes following 48 h exposure to ETI
and Teza. This data also helps us in putting our findings in the right
context from the drug safety standpoint. The dHCer accumulation trig-
gered by ETI and Tezacaftor is significant, but overall lower than that
elicited by Fenretinide, a drug that underwent clinical trial for cancer
and that failed for lack of oral bioavailability, not for safety issues.
Moreover, the hepatocytes did not show any significant difference in
LDH release after 48 h treatment with ETI, Tezacaftor or Fenretinide
compared to control cells (Figure $3), thus indicating that the drug did
not affect the viability of hepatocytes. Indeed, the overall cell viability at
the end of the experiment was not less than 85 %. Finally, we
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Fig. 3. Time profile of the formation of Cer 12:0 from the substrate dHCer 12:0
in human liver microsomes. DMSO was used as negative control, 5 pM Fenre-
tinide as positive control. ETI was tested at the same concentrations used for the
experiment on BE cells. DMSO, Fenretinide and ETI were incubated with the
microsomes for 30 min. prior to the addition of NADH (cofactor that starts the
reaction). Data refers to 5 independent replicates and are plotted as average +/-
standard deviation. Incubation was done at 37 °C under gentle shaking.

investigated if the data we collected in vitro could somehow be observed
in in vivo settings. To this purpose, we administered ETI orally to naive,
non-CF, male CD1 mice twice a day for 4.5 days at the same pro-kilo
dose used for adult humans (3, 1.5 and 2.3 mg/Kg, assuming a body
weight of 65 Kg). We then quantified the ETI compounds in the plasma
of these animals at the end of the experiment. As summarized in
Table S1, while Elexacaftor levels are comparable to those reported for
CF adult subjects undergoing Kaftrio [24], Tezacaftor and Ivacaftor
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show markedly lower plasma concentrations. Given the critical role of
dHCer accumulation in neurodegeneration described above, we thus
measured ETI and dHCer in the brain of these animals. Elexacaftor,
Tezacaftor and Ivacaftor were detected in the brain at 424+133, 8.2 +
3.0 and 1.2 + 0.9 ng/g brain respectively and, as shown in Fig. 5, despite
the overall low Tezacaftor concentration we observed in the brain, a
small but significant increase in dHCer levels, compared to
vehicle-treated animals, for longer-chain species (24:0 and 24:1) was
observed.

The results we obtained in mice are intriguing: if we assume for brain
tissue the same density as water, the Teza levels we observed (as ng/g)
would virtually translate into a concentration of around 15-20 nM. This
concentration is roughly 50 times lower than that eliciting any observ-
able DEGS inhibition in our microsomal assay. On the other hand, the
experimental conditions for this assay, i.e., microsomes suspended in
aqueous buffer, are less than satisfactory to determine the real inhibitory
potency of Teza, which has a very low water solubility. We hypothesize
that the actual amount of Teza interacting with DEGS (inside the mi-
crosomes) is definitely lower than that calculated to be present in so-
lution, given its low solubility. This might be the reason why, on the
contrary, a repeated, prolonged oral administration of Teza for five days
results in a minor but observable dHCer accumulation in the brain. In-
vivo, Teza’s solubility is increased and it is transported to the brain
thanks to its binding to plasma proteins (99 % protein binding based on
DrugBank data); therefore, its levels in the brain might high enough to
inhibit DEGS. In other words, for unavoidable biases, our in vitro assay
might underestimate the inhibitory activity of Teza on DEGS.

4. Conclusions

We have shown here that Tezacaftor is a direct inhibitor of DEGS and
that the inhibition occurs at concentrations even lower than those
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Fig. 4. A) DEGS inhibition after 3 h incubation of dHCer 12:0 substrate. DMSO was used as negative control, 5 pM Fenretinide as positive control. The ETI drugs were
tested both in combination (all three drugs simultaneously) and individually, always at the same concentrations used for the experiment on HBE cells. ***=p < 0.01
Vs DMSO in a 1way-ANOVA +Dunnett’s test. Data derives from N = 4 to 8 independent replicates. Fig. 4, B) DEGS inhibition by different concentrations of Tezacaftor
after 3 h incubation of dHCer 12:0 substrate. DMSO was used as negative control. ***=p < 0.01 Vs DMSO in a 1way-ANOVA +Dunnett’s test. Data derive from N = 6

to 8 independent replicates.
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Fig. 5. dHCer levels of three abundant sphingolipid species observed in the brain of mice orally exposed to ETI for 4 days versus control animals treated with vehicle.

*= p < 0.05 in an unpaired t-test Vs DMSO. Data refers to five animals per group.
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reached by this compound in the plasma of adults and children under-
going ETI therapy [24]. At 3 pM Tezacaftor, DEGS activity in vitro is
slowed down by around 50 %. Since ETI is assumed daily, a continuous
inhibition of DEGS, with a corresponding accumulation of dHCer is thus
a realistic scenario for CF individuals. Indeed, our data on prolonged
exposure of cultured HBE (Fig. 1) to ETI goes in this direction, clearly
showing that dHCer do accumulate with time. This accumulation does
not immediately translate into toxicity in hepatocytes, but we here prove
that prolonged oral administration of ETI to mice translates in a minor,
yet significant, dHCer accumulation in the brain. Still uncharacterized is
the potential inhibitory activity of Teza on DEGS2, if any. While its
levels of expression are low in brain, lungs and liver [25], we cannot rule
out that a potential inhibition of this enzyme might play a significant
role in the intestine and skin, where DEGS2 is expressed. In this case,
further studies would be needed to monitor the abundance of phyto-
ceramides, the main products of DEGS2 activity. From the standpoint of
safe use of ETI, particularly during pregnancy and in the early devel-
opmental stages, we believe that our evidences on DEGS inhibition
should be further investigated. Indeed, Tezacaftor can cross both the
placental and the blood-brain barriers and pass through the mother’s
milk [7]. It can thus be reasonably concluded that newborns from
mothers undergoing ETI treatment are exposed to Tezacaftor from the
very beginning of the pregnancy. This aspect triggers some potential
safety concerns. DEGS activity is crucial in controlling the correct mo-
lecular composition (and structure) of myelin, a unique lipid-rich
membrane structure, with sphingolipids as critical components. Dur-
ing myelination, distinct changes in both the nature of the sphingoid
backbone and N-acyl chains incorporated into sphingolipids occur and
dysregulation in enzymes involved in this complex pathway leads to
dys/demyelinating phenotype [26,27]. In humans, these processes
occur very early in development. The peripheral nervous system (PNS)
develops between 4- and 6-weeks of gestation, with nerve fibers growing
out from neuroblasts and neural crest cells in the spinal cord and dorsal
root ganglia. PNS myelination begins at approximately 15 weeks of
gestation [28]. Central nervous system (CNS) myelination begins as
early as 12-14 weeks gestation in the spinal cord, and it continues into
the third decade after birth in intracortical fibers of the cerebral cortex,
but the most rapid and dramatic changes occur between mid-gestation
and the end of the second postnatal year in the CNS, with myelination
accounting in large part for the over tripling in brain weight during this
period [29,30]. While toxicity studies on Tezacaftor in adult animals did
not prompt any major alert, it is intriguing (and worrisome) that the
EMA file reports that “Juvenile toxicity studies of Teza in rats exposed
during postnatal day 7 to 35 (PND 7-35) showed mortality and moribundity,
even at low doses. Findings were dose related and generally more severe when
dosing with Teza was initiated earlier in the postnatal period”. Such adverse
effects disappear if the compound is administered after day 21 post birth.
It is worth reporting that in rodents the first three weeks after birth
[31] are crucial for the myelination process and the correct development
of CNS and PNS. The lethal side effects observed in rats when Tezacaftor
is administered in this time window might thus be consistent with DEGS
inhibition, with subsequent accumulation of dHCer and impairment of
myelin formation. Overall, the body of data available so far on the use of
ETI in humans would exclude short/midterm safety concerns, but the
story of the use of this drug during pregnancy and in infancy is too short
to derive reliable conclusions, particularly related to mild alterations
that might produce effects later in life. On the other hand, it is reported
that patients with severe DEGS mutation [18] (virtually no enzymatic
activity) showed no signs of abnormal neuronal development until the
onset of the phenotype (18-24 months of age). In our data, we observed
a reduction of DEGS activity to around 50 %: dHCer accumulation
during ETI exposure is thus expected to be significantly lower and
clinical alterations, if any, might occur significantly later in life. In this
respect, further, dedicated safety studies for ETI should be carried out. If
dHCer accumulation is indeed observed in the early development stages,
then we believe that the use of ETI during pregnancy and breastfeeding

Journal of Cystic Fibrosis xxx (xxxx) xxx

should be at least regarded with some caution. More in general, the use
of ETI in early development, if continued, would perhaps need to be
associated with surveillance on specific neurodevelopmental readouts,
to help the clinicians to define the best therapeutic strategy for each CF
individual. The impact of our findings is likely negligible or inexistent on
adults CF subjects. In their case, CNS and PNS are already developed,
and the risk/benefits tradeoff allows a safe continuation of ETI therapy.
In any case, further investigation on DEGS inhibition in the CF popu-
lation undergoing ETI should be considered.
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