Clinical Kidney Journal, 2024, vol. 17, no. 10, sfae256

https:/doi.org/10.1093/ckj/sfae256
Advance Access Publication Date: 27 August 2024
Original Article

Clinical Kidney Journa

ORIGINAL ARTICLE
Kidney effects of triple CFTR modulator therapy

in people with cystic fibrosis

Pierre Gabail, Etienne Novel-Catin (91, Quitterie Reynaud?>+#,
Raphaéle Nove-Josserand?, Solenne Pelletier?, Denis Fouque ©1~,
Laetitia Koppe @1 and Isabelle Durieu??*

CLiNicAL KIDNEY JOURNAL

1Service de Néphrologie, Hospices Civils de Lyon, Hopital Lyon Sud, 165 Chemin du Grand Revoyet,
Pierre-Bénite, Rhéne, France, ?Centre de Ressource et de Compétences de la mucoviscidose, Service de
médecine Interne et de Pathologie Vasculaire, Hospices Civils de Lyon, Hopital Lyon Sud, 165 Chemin du Grand
Revoyet, Pierre-Bénite, Rhéne, France, 3ERN-Lung Cystic Fibrosis Network, Frankfurt, Frankfurt Region,
Germany, *RESearch on HealthcAre PErformance (RESHAPE), INSERM U1290, Claude Bernard Lyon 1 University,
8 Avenue Rockfeller, Lyon Cedex 08, Rhéne, France and >CarMeN Laboratory, INSERM, INRAE, Claude Bernard
Lyon 1 University, Pierre-Bénite, Rhone, France

Correspondence to: Pierre Gabai; E-mail: pierre.gabai@chu-lyon.fr ‘2
O
ABSTRACT

Background. Elexacaftor/tezacaftor/ivacaftor (ETI)is a new cystic fibrosis transmembrane conductance regulator (CFTR)
modulator that has transformed the respiratory prognosis of people with cystic fibrosis (pwCF). However, its impact on
other organs such as the kidneys, where CFTR is expressed, remains unclear. Since pwCF are risk of both kidney disease
and urolithiasis, we aimed to study the potential effects of ETI on renal function, volume status, and risk factors for
urolithiasis.

Methods. This prospective, observational, single-center, before-after cohort study, involved adult pwCF eligible for ETI.
The changes in plasma and urinary profiles were assessed by comparing renal function (using 2021 CKD-EPl  eatinine and
2021 CKD-EPI  eatinine-cystatin ¢ formulas), volume status (using aldosterone/renin ratio and blood pressure), and risk
factors for urolithiasis, at the time of ETI introduction (MO0) and 7 months after (M7).

Results. Nineteen pwCF were included. No significant change in renal function was observed between MO and M7 (2021
CKD-EPl eatinine: 105.5 ml/min/1.73 m2 at MO vs. 103.3 ml/min/1.73 m? at M7; P = .17). There was a significant reduction in
aldosterone level (370.3 pmol/l at MO vs. 232.4 pmol/l at M7; P = .02) and aldosterone/renin ratio (33.6 at MO vs. 21.8 at M7;
P = .03). Among the risk factors for urolithiasis, a significant reduction in magnesuria level was found (4.6 mmol/d at MO
vs. 3.8 mmol/d at M7; P = .01).

Conclusion. These findings suggest that ETI seem to have no short-term impact on the renal function of adult pwCF and
appears to correct secondary hyperaldosteronism due to excessive sweat losses. Further investigations are needed to
determine the potential impact of decreased magnesuria observed under ETI therapy on the risk of urolithiasis.
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Kidney effects of triple CFTR modulator therapy

in people with cystic fibrosis

Elexacaftor/tezacaftor/ivacaftor (ETI) is a CFTR modulator therapy associated with improved respiratory
prognosis for people with cystic fibrosis (pwCF). Its kidney impact (where CFTR is expressed) is unknown.
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Conclusion: There was no short-term impact of ETl on kidney function.

We observed a correction of secondary hyperaldosteronism and decreased
magnesuria 7 months after freatment initiation.
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KEY LEARNING POINTS

What was known:

This study adds:

Potential impact:

e Elexacaftor/tezacaftor/ivacaftor (ETI), a new triple transmembrane conductance regulator (CFTR) modulator, improves res-
piratory function in adult people with cystic fibrosis (pwCF) after 7 months of treatment.

e ETI has no short-term impact on the renal function of adult pwCF when assessed by estimated glomerular filtration rate.

e ETI appears to correct secondary hyperaldosteronism due to excessive sweat losses and seems to lead to decreased mag-
nesuria, the impact of which on the risk of urolithiasis needs to be further elucidated.

INTRODUCTION

Cystic fibrosis (CF) is a systemic autosomal recessive disorder
that was estimated to affect more than 7700 individuals in
France in 2022 [1]. It is caused by mutations in the gene encod-
ing the CF transmembrane conductance regulator (CFTR) pro-
tein, leading to CFTR protein dysfunction [2]. CFTR codes for an
epithelial anion channel that transports both Cl~ and HCO3~

across the epithelial surface [3], mainly expressed in the respi-
ratory tract, causing progressive pulmonary failure [4].

CFTR is also expressed in the gastrointestinal system
including the pancreas, liver and bile ducts, sweat glands,
and the genital tract [4]. CFTR is likewise described in all
segments of the nephron [5], where its role remains unclear.
The renal function of adult people with CF (pwCF) before lung
transplantation seems preserved despite the repeated



administration of aminoglycosides for pulmonary exacerba-
tions [6]. However, it has been widely observed that urolithiasis
is more common in pwCF than in the general population [7],
mainly due to hyperoxaluria, which is favored by exocrine
pancreatic insufficiency and repeated antibiotic therapy [8-10,
11]. Additionally, sweat and digestive losses lead to hypovolemia
and low diuresis, which also favors urolithiasis [12].

Until recently, the most effective treatment for advanced res-
piratory insufficiency in pwCF was pulmonary transplantation.
The median survival following lung transplantation in pwCF is
9.5 years [13]. However, the access to lung transplantation is
limited [14] and this technique poses a high risk of complica-
tions, including surgical complications, the risk of rejection, op-
portunistic infections, and complications related to chronic im-
munosuppressive treatments [15]. Additionally, a considerable
loss in renal function has been reported after pulmonary trans-
plantation, leading to maintenance dialysis requirement [16].

CFTR modulators have recently been developed to restore
the function of the defective protein and have transformed
the prognosis of pwCF. These medications include correctors,
allowing CFTR protein expression at the membrane, and po-
tentiators, which improve the function of abnormal CFTR
proteins already present at the apical surface of the cell [17].
The first triple-combination of CFTR modulators (elexacaftor/
tezacaftor/ivacaftor, ETI) obtained marketing authorization in
the USA in October 2019 [18]. The impressive clinical effective-
ness of ETI on respiratory function has been shown to lead to a
decrease in the rate of pulmonary exacerbations and a reduced
need for lung transplantation [19, 20].

Nevertheless, questions remain about the effects of ETI out-
side the lungs. While the correction of sweat Cl~ excretion has
already been widely studied [19, 21], the renal impact of this new
treatment has not been previously described, even in pivotal tri-
als [19, 21]. The aim of this prospective before-after study was
to describe the changes in renal function, volume status, risk
factors for urolithiasis, and nutritional status of pwCF after the
introduction of ETL.

MATERIALS AND METHODS
Study population and design

We conducted a prospective, observational, single-center,
before-after cohort study, investigating the renal impact of ETI
on adult pwCF, between 1 January 2022 and 31 December 2023.
All adult pwCF eligible for ETI but not yet receiving it were
included. Participants were enrolled following an extension of
the French market authorization of ETI for pwCF with at least
one DF508 mutation and those included in compassionate use
programs.

Exclusion criteria were medical contraindication to ETI, age
<18 years old, patients on maintenance dialysis (hemodialysis
or peritoneal dialysis), kidney transplant recipients, ongoing
pregnancy, breastfeeding, active cancer, and patients who ob-
jected to the collection of their medical data.

Relevant demographic characteristics, medical history, any
concomitant medication, clinical and laboratory findings, and
nutritional data were obtained following scheduled visits at the
CF reference center. Data were collected from the patients’ med-
ical charts before the introduction of ETI (M0) and 7 months after
(M7).

This study complied with the reference methodology of the
French data protection agency (CNIL registration—MR004 no. 22—
5080). The research fully complied with ethical standards and
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the principles of the Second Declaration of Helsinki. It obtained
approval from the Scientific and Ethical Committee of the Hos-
pices Civils de Lyon (CSE no. 22-5080). All participants involved
in the study provided oral consent before enrollment. The study
was registered on ClinicalTrials.gov (NCT06197490).

Variables

The following clinical variables were included in the analysis:
systolic and diastolic blood pressure, presence of orthostatic hy-
potension (defined by a decrease in systolic blood pressure of at
least 20 mmHg or diastolic blood pressure of at least 10 mmHg),
weight and body mass index (BMI, defined by the weight-to-
squared height ratio), and lung function assessed during a respi-
ratory functional exploration, using predicted forced expiratory
volume in 1 s (FEV1).

Laboratory measurements, assessed using standard methods
in the routine clinical laboratory in blood and 24 h urine sam-
ples, were performed for renal function, volemic parameters,
metabolic risk factors for urolithiasis, and nutritional status.

For renal function, the estimated glomerular filtration rate
(eGFR), plasma urea level, and urinary sediment were assessed.
The eGFR was calculated using the 2021 CKD-EPl . eatinine and
2021 CKD-EPlreatinine-cystatinc formulas [22, 23], as well as the
2009 CKD-EPleysatinc formula, the Schwartz formula, and
measured creatinine clearance [clearance = (creatininuria x
24-hour diuresis)/(serum creatinine x duration)] [24]. Plasma
urea level and urinary sediment were estimated by proteinuria
(g/day), albuminuria/creatininuria ratio (mg/g), and urinary
B2-microglobulin level (mg/day), on a 24-hour urine sample.
Creatinine was assayed using an enzymatic method (Roche
Diagnostics, Meylan, France), with calibrators assigned using
isotope dilution mass spectrometry. Cystatin C was measured
by immuno-nephelometry.

Volume parameters of interest were renin and aldos-
terone levels and aldosterone/renin ratio, natremia, natriuresis,
kalemia, kaliuresis, chloremia, bicarbonatemia, sodium excre-
tion fraction [= (natriuresis x serum creatinine)/(natremia x
creatininuria)], brain natriuretic peptide level, hemoglobin level,
and sodium intake estimated by the dietician and calculated us-
ing 24 h natriuresis.

The biological parameters of metabolic risk factors for
urolithiasis considered were blood phosphorus and calcium
metabolism (ionized calcium level, phosphoremia, magnesemia,
parathyroid hormone level, and 25-OH vitamin D level); cal-
ciuria, oxaluria, uricosuria, magnesuria, citraturia, glycosuria,
and phosphaturia, which were estimated on a 24-hour urine
sample-; magnesium excretion fraction, calculated using the fol-
lowing formula: magnesium excretion fraction = (magnesuria x
serum creatinine)/(magnesemia x creatininuria) x 100; protein
intake calculated using 24 h urinary urea (protein intake = uri-
nary urea/5/weight); calcium intake estimated by the dietician;
and urinary pH, urinary density, and crystalluria measured in
fresh urine.

Nutritional status was assessed using albumin level, mea-
sured by immunoturbidimetry, as well as pre-albumin level.

Statistical analysis

All statistical analyses were performed using GraphPad v.10
software.

Data are expressed as mean =+ standard deviation (SD), mean
(range), or absolute number and percentage. Simple compar-
isons between before (M0) and after (M7) the introduction of
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v
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Figure 1: Study flow chart.

ETI parameters were made using the Student’s paired t-test or
Chi-square test. A P value <.05 was considered significant.

RESULTS
Study population

The study was conducted at our CF reference center between 1
January 2022 and 31 December 2023. A total of 19 adult pwCF
were included for analysis (Fig. 1). The mean (range) age was 38
(18-67) years old and 52.6% of patients were women. Two pa-
tients (10.6%) were homozygous for DF508, 15 patients (78.8%)
were heterozygous, and two patients (10.6%) had other muta-
tions. The mean (range) age at CF diagnosis was 23.6 (0-67) years.
In terms of previous therapy, 13 patients (68.4%) had no history
of other CFTR modulator therapy, one (5.3%) had previously ben-
efited from ivacaftor, one (5.3%) from lumacaftor + ivacaftor, and
four (21%) from tezacaftor + ivacaftor (Table 1).

Lung function

As expected, the mean percentage from theory of predicted
FEV1 significantly increased under treatment by 13.9% (76.1%
at initiation vs. 86.7% at M7; P < .01), reflecting a good
respiratory effectiveness of ETI.

Renal function and urinary sediment

The mean serum creatinine level significantly increased by 5.2%
between MO and M7 (71.2 vs. 74.9 pmol/], respectively, P = .04).
There was no significant difference in serum cystatin C level
between the two time points (0.85 vs. 0.87 mg/l, P = .35).

No significant difference was found in terms of eGFR using
both the 2021 CKD-EPl yeatinine @nd 2021 CKD-EPlureatinine-cystatin ¢
formulas (Table 2 and Fig. 2), nor using the other formulas
(Supplementary Data).

There was no significant difference in serum urea level,
proteinuria, albuminuria/creatininuria ratio, and urinary A2-
microglobulin level between M0 and M7 (Table 2).

Volume status

The mean serum aldosterone level was decreased by
137.9 pmol/l between MO (370.3 pmol/l) and M7 (232.4 pmol/l),

Table 1: Demographic and clinical characteristics of the population
at baseline.

Total population
n=19

Sex (male/female) 9/10
Mean age (range) in years 38 (18-67)
Mean BMI (range) (kg/m?) 24.1 (18.5-32.2)
Percentage of predicted FEV; from theory
Mean (range)
Distribution, n (%)

76.1 (26-122)

<40% 3(15.8)
40-<70% 4(21)
70-<90% 5(26.3)
>90% 7 (36.9)
Age at CF diagnosis (years)
Mean (range) 23.6 (0-67)
Distribution, n (%)
<1year 3(15.8)
>1 year 16 (84.2)
DF508 mutation, n (%)
Homozygous 2 (10.6)
Heterozygous 15 (78.8)
None 2 (10.6)
Protein therapy prior to ETI, n (%)
None 13 (68.4)
Ivacaftor 1(5.3)
Lumacaftor + ivacaftor 1(5.3)
Tezacaftor + ivacaftor 4 (21)
Medical history, n (%)
Urolithiasis 0 (0)
Diabetes 1(5.3)
High blood pressure 2 (10.6)
Dyslipidemia 0(0)
Heart failure 0 (0)
Chronic kidney disease 0(0)
Treatment, n (%)
Diuretics 0(0)
Inhibitors of the 1(5.3)
renin-angiotensin-aldosterone system
Other antihypertensive drugs 1(5.3)
Pancreatic extracts 12 (63.2)
Vitamin D supplementation 10 (52.6)

reflecting a 37.2% reduction (P = .02; Fig. 3). A 35.1% reduction
in the serum aldosterone/renin ratio was found (33.6 at MO
vs. 21.8 at M7, P = .03; Fig. 3). No significant difference was
found in systolic and diastolic blood pressure, serum renin
level, natremia, natriuresis, kalemia, kaliuresis, chloremia,
bicarbonatemia, sodium excretion fraction, brain natriuretic
peptide level, hemoglobin level, and sodium intake (calculated
and measured), between MO and M7 (Table 3). Moreover, there
was no significant difference in the prevalence of orthostatic
hypotension between M0 and M7 (Chi squared test >0.99).

Metabolic risk factors for urolithiasis

The mean magnesuria level was 4.6 mmol/d at MO and
3.8 mmol/d at M7, reflecting a 0.8 mmol/d reduction (P = .01,
Fig. 4). There was a significant increase of 13.9 nmol/l in 25-
OH vitamin D level (58.3 at MO vs. 72.2 nmol/l at M7, P = .01;
Fig. 4), while calcium intake estimated by the dietician decreased
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Table 2: Changes in renal function and urine analysis between the introduction of ETI (M0) and 7 months after (M7).

MO (mean =+ SD)

M7 (mean =+ SD) Paired t-test

Serum creatinine level (umol/l) 71.2 £10.3 749 £ 126 0.04
Serum cystatin C level (mg/1) 0.85+0.21 0.87 £0.19 0.35
2021 CKD-EPleatinine (M1/min/1.73 m?) 105.5 + 18.1 103.3 £ 19.6 0.17
2021 CKD-EPliyeatinine-cystatin ¢ (M1/min/1.73 m?) 105.6 + 22.4 103.7 £ 21.6 0.14
Serum urea level (mmol/l) 49+1.2 54+16 0.20
Proteinuria (g/d) 0.16 + 0.09 0.16 4 0.09 0.72
Albuminuria/creatininuria ratio (mg/d) 184+ 394 12.6 +16.3 0.27
Urinary A2-microglobulin level (mg/d) 0.07 £+ 0.04 0.09 £ 0.08 0.44
= E=0 17 p=0,14
e —
1055 4033 1056 4027
100
p=0,04
80 74,9
71,2
60
40
20
0

2021 CKD-EFPIcreatinine
{mL/min/1,73m2)

Creatinine (umol/L)
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Figure 2: Changes in creatinine levels and eGFR using 2021 CKD-EPlcrcatinine and 2021 CKD EPlieatinine-cystatin ¢ formulas between the introduction of ETI (M0) and 7

months after (M7).

significantly between M0 and M7 (1.03 vs. 0.80 g/d, respectively,
P =.03). There was no significant difference in serum ionized cal-
cium level, phosphoremia, magnesemia, parathyroid hormone
level, diuresis, urinary pH, urinary specific gravity, calciuria, ox-
aluria, uricosuria, citraturia, glycosuria, phosphaturia, magne-
sium excretion fraction, and protein intake calculated between
MO and M7 (Table 4).

There was no significant difference in the presence of crys-
talluria between MO and M7 (Chi squared test 0.60): at MO, three
patients were positive (one had amorphous phosphate crys-
tals, one had whewellite crystals, and one had both whewellite
and weddellite crystals), compared to only one patient at
M7 (persistent amorphous phosphate crystals for the first
patient).

Nutritional status

No significant increase in BMI (24.1 kg/m? at MO vs. 24.5 kg/m?
at M7, P = .06) nor weight (68.1 kg at initiation vs. 69.4 kg at
M7, P = .07) was observed. The pre-albumin level significantly
increased between MO and M7 (0.26 vs. 0.31 g/, respectively,
P = .01), whereas albumin level, which was normal at baseline,
did not undergo significant changes throughout the study (40.3
at MO vs. 40.5 g/l at M7, P = .79).

DISCUSSION

The present prospective before-after cohort study is the first to
investigate the renal effects of ETI by examining a wide range of
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Figure 3: Changes in aldosterone levels and aldosterone/renin ratio between the
introduction of ETI (M0) and 7 months after (M7).

parameters, including changes in renal function, volume status,
and risk factors for urolithiasis, as well as nutritional status.

In the present cohort, all patients maintained normal eGFR
throughout the study period, confirming the previous findings
by our group that renal function, measured using either inulin
or iohexol, is largely preserved before lung transplantation [6].

The slight increase in serum creatinine level observed herein
could be related to changes in the muscle mass of patients rather
than an actual change in kidney function. This is confirmed
by the absence of modification in plasma levels of cystatin C,
a biomarker of renal function independent of muscle mass.
Moreover, eGFR using both the 2021 CKD-EPl  eatinine and 2021
CKD-EPLreatinine-cystatin ¢ formulas remained largely unchanged
between the introduction of ETI and the end of the study. As
shown by Al-Aloul et al., eGFR based on creatinine cannot be
used to reliably assess renal function in pwCF [25]. However, the
stability of cystatin C throughout the study, a biomarker inde-
pendent of muscle mass, is reassuring concerning the stability
of renal function in the present cohort of pwCF.

Furthermore, no change in the level of proteinuria was ob-
served in the present cohort; proteinuria was negative for all
patients except one presenting with tubular proteinuria, which
was persistent throughout the study.

To our knowledge, the present study is the first to demon-
strate a correction of secondary hyperaldosteronism after

the introduction of ETI in adult pwCF, as demonstrated by
the significant reduction in plasma aldosterone level and al-
dosterone/renin ratio after ETI initiation. PwCF are known to
present secondary hyperaldosteronism as a consequence of
excessive sweat losses [26]. We hypothesize that the restoration
of CFTR function in sweat glands due to ETI [19, 21] may have
resulted in a decrease of salt losses, leading to a correction of the
hypovolemia, and thus a decrease in aldosterone secretion. This
correction of secondary hyperaldosteronism does not seem to
be linked to a reduction of renal salt wasting, as both natriuresis
and sodium excretion fraction remained unchanged during the
study period. Despite the clear change in the aldosterone level
and aldosterone/renin ratio, no significant modification of blood
pressure or the presence of orthostatic hypotension was ob-
served. This, however, may be because the study might be under-
powered. Of note, one patient was taking a renin-angiotensin-
aldosterone system inhibitor; the exclusion of this patient from
the statistical analysis however, did not alter the significant
decrease in aldosterone level and aldosterone/renin ratio ob-
served. The correction of secondary hyperaldosteronism might
indirectly enhance lung function in patients by mitigating the
adverse effects of aldosterone on airways and associated inflam-
mation [27]. Nevertheless, these findings would need to be con-
firmed by body composition measurement using impedanceme-
try, which could not be performed here due to technical
considerations and the observational nature of the study.

Regarding plasma bicarbonate, the present findings are not
in line with previous studies, showing that pwCF often present
with a reduction in renal bicarbonate secretion, potentially lead-
ing to metabolic alkalosis, which could in turn induce a de-
crease in pulmonary function through alveolar hypoventila-
tion [28]. The observation that plasma bicarbonate levels re-
mained normal throughout the study period herein may be be-
cause the present cohort included people with milder forms
of CF.

Although pwCF are known to be at an increased risk of
urolithiasis, mainly because of enteric hyperoxaluria and low di-
uresis [7-11, 12], no patient herein presented with asymptomatic
kidney stone on available ultrasound imaging. However, this
imaging technique is not the most sensitive to explore urolithi-
asis. Since no systematic computed assisted tomodensitometry
was available in the present study, this might have led to an un-
derestimation of the prevalence of urolithiasis.

Table 3: Changes in volume parameters between the introduction of ETI (M0) and 7 months after (M7).

MO (mean =+ SD)

M7 (mean =+ SD) Paired t-test

Systolic blood pressure (mmHg) 122.8 +19.4 124.8 £15.4 0.60
Diastolic blood pressure (mmHg) 76.0 +£11.8 80.9 +10.9 0.06
Serum renin level (ng/l) 15.9 +£10.7 142 +£938 0.26
Serum aldosterone level (pmol/l) 370.3 +234.8 2324 +£118.6 0.02
Serum aldosterone/renin ratio 33.6 +26.8 21.8 £+134 0.03
Natremia (mmol/l) 139.6 £ 2.0 140.0 + 1.6 0.27
Natriuresis (mmol/d) 108.0 +48.7 115.3 £35.6 0.83
Kalemia (mmol/l) 41+03 41+04 0.65
Kaliuria (mmol/l) 47.8 +28.7 36.5 +14.5 0.16
Chloremia (mmol/l) 106.3 +29 107.8 £2.6 0.07
Bicarbonatemia (mmol/l) 236+£26 244+29 0.21
Sodium excretion fraction (%) 56+3.0 56+22 0.81
Brain natriuretic peptide level (ng/l) 18.7 +£10.9 21.1+166 0.66
Hemoglobin level (g/1) 143.0 + 13.6 142.6 + 12.4 0.75
Sodium intake estimated by the dietician (g/d) 9.9+33 93+21 0.60
Sodium intake calculated (g/d) 6.4+29 6.8+2.1 0.83
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Figure 4: Changes in magnesuria and 25-OH vitamin D levels between the intro-
duction of ETI (M0) and 7 months after (M7).

Regarding the metabolic risk factors for urolithiasis, mag-
nesuria decreased under triple CFTR modulator therapy,
although without significant change in magnesemia, which
remained normal throughout the study. Hypomagnesuria is
known to be a risk factor for urolithiasis [29]. However, in the
present cohort, the mean magnesuria remained well above the
risk threshold for urolithiasis (<1.5 mmol/day), even at M7, sug-
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gesting that the decrease in magnesuria might have limited con-
sequences on the risk of urolithiasis in pwCF. Of note, previous
research has shown that in case of CFTR mutation, the transient
receptor potential (TRP) channel, expressed notably in the gas-
trointestinal tract [30], is overexpressed to stimulate the faulty
CFTR channel (through extracellular signal transmission) [31,
32]. This leads to a reduced magnesium absorption in the diges-
tive tract, with 50% of pwCF presenting hypomagnesemia [33].
Since both TRP and CFTR are expressed in the kidneys as well
[5, 34], we hypothesize that there could be a reduced renal re-
absorption of magnesium when CFTR is deficient. Triple CFTR
modulator therapy could potentially correct these anomalies,
explaining the decrease in magnesuria observed under treat-
ment. These hypotheses require further investigation for a more
detailed understanding of intestinal and renal magnesium han-
dling in pwCF.

Concerning other urinary risk factors for urolithiasis, calci-
uria remained stable throughout the study and well below the
lithogenic threshold (>0.1 mmol/kg/day). Surprisingly, no hy-
peroxaluria was observed, with oxaluria below the urolithiasis
risk threshold (>350 pmol/l) before and after ETI initiation. Ad-
ditionally, citraturia remained above the lithogenic threshold
(<1 mmol/l), before and after ETI initiation.

As for classical dietary risk factors for urolithiasis, it is note-
worthy that the sodium and protein intake of the patients
herein remained stable throughout the study and below the risk

Table 4: Changes in metabolic risk factors for urolithiasis between the introduction of ETI (M0) and 7 months after (M7).

MO (mean =+ SD)

M7 (mean =+ SD) Paired t-test

Serum ionized calcium level (mmol/l) 1.23 +£0.04 1.24 +0.04 0.16
Phosphoremia (mmol/l) 1.01+£0.15 0.99+£0.11 0.54
Magnesemia (mmol/l) 0.82 + 0.04 0.81 + 0.04 0.22
Parathyroid hormone level (ng/l) 26.0 £8.7 26.3+85 0.90
25-OH vitamin D level (nmol/l) 58.3 +27.8 722 +24.8 0.01
Diuresis (I/d) 1.5+ 0.7 14+04 0.18
Urinary pH 5.6 +£0.7 5.7 +0.7 0.72
Urinary specific gravity (g/ml) 1.017 + 0.004 1.025 + 0.026 0.27
Calciuria

mmol/d 3.34 +£1.60 3.62 £2.03 0.93

mmol/kg/d 0.05 £ 0.03 0.05+0.03 0.64
Calciuria (mmol/l)/creatininuria (mmol/l) 0.32+0.16 0.31+0.14 0.31
Oxaluria

pmol/1 267.1 £ 155.7 2442 +110.2 0.81

pmol/d 327.9 +£149.9 295.9 + 100.7 0.43
Uricosuria

pmol/1 2416.3 £ 975.9 2182.4 £670.9 0.80

pmol/d 3141.9 + 1046.7 2908.1 + 831.3 0.40
Magnesuria

mmol/1 35+138 3.0+14 0.12

mmol/d 46+21 3.8+14 0.01
Citraturia

mmol/l 1.8+13 1.7+13 0.74

mmol/d 23+14 22+15 0.36
Glycosuria

mmol/l 0.8+25 02+0.1 0.75

mmol/d 1.0+3.0 03+0.1 0.49
Phosphaturia

mmol/l 20.6 £11.6 209+ 104 0.26

mmol/d 26.5+10.7 26.1+10.1 0.75
Magnesium excretion fraction (%) 33+28 27+20 0.83
Protein intake calculated (g/kg/d) 1.0+04 1.0+0.3 0.89
Calcium intake estimated by the dietician (g/d) 1.03 +0.30 0.80 + 0.35 0.03
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threshold conventionally considered (>8 g/day for sodium and
>1.2 g/kg/day for protein intake). Moreover, the diuresis of these
patients remained stable around 1.5 I/day throughout the study,
whereas it is usually recommended to maintain urine output
>2 1/day to prevent urolithiasis.

In line with previous reports, we also observed a significant
increase in 25-OH vitamin D level, which could partly be ex-
plained by an enhancement in the digestive absorption of fat-
soluble vitamins and diet modifications after the introduction of
ETI [35]. Nevertheless, it is challenging to attribute this increase
to a specific effect of ETI, as it could be linked to either nutritional
or seasonal factors. Additionally, 10 patients were supplemented
with vitamin D at the start of the study and two patients started
supplementation during the study period, which could have
biased the results.

Finally, a significant increase in pre-albumin levels was also
observed, while albumin levels remained normal and stable
throughout the study. This reflects an improvement in the nutri-
tional status of pwCF under triple CFTR modulator therapy. Ad-
ditionally, unlike previous findings demonstrating an increase in
BMI in pwCF under ETI [36], only a non-significant increase was
observed in the present study, which could be partly explained
by alack of statistical power due to a small sample size as well as
the already elevated BMI at ETI initiation of the pwCF included
herein (surpassing 24 kg/m?). Moreover, nutritional status as-
sessment lacked precise dietary surveys, appetite level evalua-
tion, body composition, and assessment of muscle strength, fat,
or pancreatic elastase from stool samples, further limiting the
interpretation of nutritional status in pwCF under ETI.

The present study has several limitations

First, the observational before-after cohort design of the study
and the limited number of pwCF followed-up over a short pe-
riod prevents us to draw conclusions about causal relationships.
However, proposing a randomized clinical trial would not have
been ethically justifiable, considering the clear benefits of triple
CFTR modulator therapy on lung status already demonstrated in
numerous studies [19, 21]. Long-term prospective data are nec-
essary to evaluate the consequences of ETI on renal function,
volume status, and risk factors for urolithiasis.

Second, it is worth noting that the pwCF included in the
present cohort mostly suffered from late-stage CF forms, with
mostly mild or moderate manifestations. Since the study began
several months after the French market release of ETI, most of
the more severe pwCF were already under ETI at the start of the
study. Furthermore, six out of the 19 pwCF included were already
undergoing protein therapy before the start of the study, with
five of them receiving a combination therapy involving a correc-
tor and a potentiator, which could have resulted in an underesti-
mation of the extra-pulmonary effects of ETI. However, since the
significantimprovement in pulmonary function observed herein
after ETI introduction was comparable to that of the pivotal
trials [19, 21], we can hypothesize that the findings regarding
extra-pulmonary effects of ETI are reliable, even if their mag-
nitude is potentially reduced compared to more severe patients.

Finally, only the use of measured GFR with, for instance, io-
hexol clearance instead of eGFR formulas, could have definitely
confirmed the stability of renal function in this cohort but could
not be performed due to technical considerations and the ob-
servational nature of the study. Furthermore, delaying ETI intro-
duction to perform such measurements would also have been
unethical. Additional data are needed to confirm the long-term
renal safety of ETI therapy after the first 7 months of treatment.

CONCLUSION

This 7-month before-after study, involving 19 adult pwCF under-
going ETI found a correction of secondary hyperaldosteronism,
probably linked to the reduction of pathological sweat losses in
pwCF. The findings also suggest that ETI may not have a short-
term impact on renal function. Finally, a substantial decrease
in magnesuria was observed but without significant modifica-
tion of other metabolic risk factors for urolithiasis. Long-term
prospective studies are needed to explore the long-term conse-
quences of ETI on renal function, volume status, and risk factors
for urolithiasis.

SUPPLEMENTARY DATA

Supplementary data are available at Clinical Kidney Journal online.
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