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Background: People with Cystic Fibrosis (pwCF) often exhibit impaired insulin secretion, which may lead to
Cystic Fibrosis-Related Diabetes (CFRD). The impact of CF variants in the complex relationship between CFTR
channel function, pancreatic function, and glucose metabolism remains only partially understood.

Methods: In this multicenter study, 341 pwCF (57 % females, 79 % with pancreatic insufficiency; median age 19
yrs.) underwent an oral glucose tolerance test (OGTT) sampling glucose, insulin, and C-peptide every 30 min for
2 h to assess p-cell function, expressed by p-cell glucose sensitivity. Participants were grouped by having either a
minimal function (MF) mutation on both alleles (256 pts, 75 %) or at least one residual function (RF) mutation
(85 pts, 25 %). Each variant was then associated to the CFTR-chloride conductance (CC) values from the CFTR2
database. The highest CC value (from each allele) was selected as the patient’ representative CC, and used to
assess its relationship with B-cell glucose sensitivity.

Results: 162 pwCF (84 % of MF group) carried variants on both alleles with CC data available in the CFTR2
database. PWCF in the RF group exhibited better glucose tolerance and f-cell glucose sensitivity (p < 0.001).
After adjustment for sex and age, a strong positive linear association was found between CFTR-CC values and
B-cell glucose sensitivity (p < 0.001), without a significant interaction with pancreatic status.

Conclusions: Clinical data, OGTT results, and in vitro CC analysis demonstrate an independent relationship be-
tween the extent of CFTR channel dysfunction and p-cell function.

1. Introduction

Cystic fibrosis (CF) is a chronic autosomal recessive disorder that
affects approximately 160,000 individuals worldwide, caused by mu-
tations in the Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR) gene, which disrupt chloride ion transport across epithelial cells,
particularly in the lungs, pancreas, gastrointestinal tract, and repro-
ductive system [1]. Over 2000 mutant alleles have been identified, and
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the severity of the disease varies widely depending on the variant type,
especially the extent of chloride transport loss and they are classified
based on their impact on cystic fibrosis (CF) disease manifestation [2].
While the CFTR dysfunction’s effects on exocrine pancreas function are
well-established, its effects on endocrine pancreatic function and
glucose metabolism remain an active area of research [3].

Cystic fibrosis-related diabetes (CFRD), the most common extrap-
ulmonary complication in CF is expected to further increase with
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improving life expectancy of people with CF (pwCF). CFRD affects
40-50 % of adults, 2 % in children and 19 % in adolescents, contributing
to poor health outcomes in pwCF [3]. Although CF is associated with
varying levels of insulin resistance, CFRD is primarily driven by reduced
B-cell function, resulting in insufficient insulin secretion and hypergly-
cemia [4-6].

The mechanisms through which CFTR variants lead to impaired in-
sulin secretion remain contentious, with conflicting evidence in recent
studies [7,8]. At the pancreatic level, it remains unclear whether CFTR is
predominantly expressed in ductal cells indirectly influencing p-cell
function or rather may influence insulin secretion in pancreatic p-cells.
However, its expression in these cells is limited, and the functional
impact remains a matter of debate [7,8]. These observations highlight
the important role of CFTR in the maintenance of pancreatic functions
beyond CF.

The severity of impairment caused by over 2000 CFTR variants and
the molecular mechanisms through which they lead to channel
dysfunction have been used to classify them into distinct classes [9,13].
Although phenotypes vary widely, CFTR2 database enables clinicians
and researchers to better understand the relationship between genetic
variants and disease expression.

According to the CFTR2 database, 1176 variants fall into three main
categories: variants that have been demonstrated to cause cystic fibrosis
(Disease Causing); variants that may or may not cause CF (Varying
Clinical Consequences, VCC); variants that do not cause cystic fibrosis
(Not Disease Causing) [10]. A simplified classification has been pro-
posed that categorizes CFTR variants into those retaining residual
channel function (residual function mutations, RF) and those having a
more severe impact on the channel, resulting in minimal activity
(minimal function mutations, MF), a distinction that has become
particularly relevant in the era of highly effective modulator therapies
(HEMT). Approximately 10-15 % of pwCF have mutations that exhibit
residual CFTR ion channel activity, (RF) mutations, in contrast to
‘minimal function’ (MF) mutations, which are associated with little to no
CFTR activity. PWCF carrying RF mutations typically exhibit sufficient
pancreatic function to maintain normal nutritional status (pancreatic
sufficiency), along with sweat chloride levels that may be normal,
borderline, or slightly elevated, indicating partially preserved CFTR
activity [11].

Further research is needed to better understand the mechanisms
underlying the development of CFRD and the impact of CFTR channel
dysfunction on pancreatic function and glucose metabolism. Although
improvements in diabetes management are leading to decreases in
mortality, the underlying mechanisms of CFRD are complex and
multifactorial, involving both genetic and environmental factors [12].

We sought to describe the relationship between CFTR variants and
B-cell function in pwCF based on clinical data from our cohort and in
vitro functional studies from the CFTR2 database [10]. These
CFTR-chloride conductance (CC) in vitro measurementsrepresent the
maximal capacity for chloride transport elicited by different CFTR var-
iants. These findings aim to provide deeper insights into the complex
relationship between the degree of CFTR channel dyfunction, pancreatic
function, and glucose regulation in CF.

2. Material and methods
2.1. Study design and participants

This cross-sectional study included Italian pwCF consecutively
enrolled from 2016 to 2020 across three CF centers representing
different regions of Italy (Milan, Rome, Messina). Inclusion criteria were
clinical stability for the preceding 3 weeks (no exacerbations, treatment
changes, or antibiotic/steroid use) and absence of CFRD or use of
glucose-lowering medications in the prior 6 months. The study adhered
to the Declaration of Helsinki and received ethical approval from the
University of Milan (protocol code 53/19). All participants provided
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informed consent.
2.2. CFTR channel function stratification

Participants were stratified based on their CFTR genotypes. Each
CFTR allele was categorized as having "minimal" or "residual" channel
function (MF and RF, respectively)according to the classification system
that include CFTR defects, clinical features, and therapeutic strategies
[9,13]. Therefore, pwCF were then grouped as two MF alleles, group MF
associated to a more-severe disease, or at least one RF allele, group RF.
Sensitivity analyses considered the distinction between one or two re-
sidual function alleles.

2.3. Variables and measurements

The study compared the following variables between CFTR function
groups, adjusting for age, sex, and pancreatic status:

e Oral Glucose Tolerance Test (OGTT) parameters: Glucose, insulin,
and C-peptide levels at baseline and 30, 60, 90, and 120 min post-
glucose load.

e B-cell function: B-cell glucose sensitivity, basal insulin secretion, total
OGTT insulin secretion.

e Insulin clearance: Basal and OGTT insulin clearance.

e Insulin sensitivity: Quantitative insulin-sensitivity check index
(QUICK]I) for basal sensitivity and 2-hour oral glucose insulin sensi-
tivity index (2-h OGIS) for OGTT sensitivity.

2.4. CFTR variants and clinical assessment

CFTR variants were classified as MF and RF [9,13]. Clinical data
collected included pancreatic status, infection history, transplantation
history, and CFTR modulator therapy.

2.5. Anthropometric and pulmonary assessment

Body mass index (BMI) was calculated from measured height and
weight. BMI z-scores were derived for pwCF under 20 years using CDC
growth charts [14]. Participants were classified by BMI category (un-
derweight, normal weight, overweight, obese) and according to CF
Foundation recommendations, CFF [15]. BMI categories based on CDC
growth charts for those under 20 years (underweight: <5th percentile;
normal weight: 5th to <85th percentile; overweight: 85th to <95th
percentile; obese: >95th percentile) and standard thresholds for adults.
For adults with cystic fibrosis, the CFF recommends maintaining a body
mass index (BMI) of at least 22 kg/m? for females and 23 kg/m? for
males. For children and adolescents aged 2 to 20 years, the CFF suggests
keeping the BMI at or above the 50th percentile according to the CDC
growth charts. For infants and young children under 2 years of age, the
CFF recommends achieving a weight-for-length measurement at or
above the 50th percentile by the age of 2 years. Spirometry was con-
ducted per ATS/ERS guidelines, with forced vital capacity (FVC) and
forced expiratory volume in 1 s (FEV1) expressed as percentages of
predicted values.

2.6. OGTT and laboratory analyses

A 2-hour OGTT (1.75 g/kg glucose, maximum 75 g) was performed
with blood sampling at baseline and 30-minute intervals for glucose,
insulin, and C-peptide measurements. C-reactive protein and HbAlc
were also assessed. Glucose tolerance categories were determined per
ISPAD guidelines [16].
2.7. Modeling and calculations

B-cell function was modeled from OGTT glucose and C-peptide data
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[17-19], yielding parameters for f-cell glucose sensitivity, basal insulin
secretion, and total OGTT insulin secretion. Insulin clearance was
calculated as the ratio of insulin secretion to concentration. QUICKI [20]
and OGIS [21] indices were used for insulin sensitivity assessment. Area
under the curve (AUC) was calculated for glucose, insulin, and
C-peptide.

Basal State Assessment The following indices were used to char-
acterize metabolism in the fasting state:

e Basal Insulin Secretion: This was one of the parameters derived
from the mathematical modeling of OGTT data.

¢ Basal Insulin Sensitivity: Assessed using the Quantitative Insulin-
Sensitivity Check Index (QUICKI), calculated from fasting insulin
and glucose.

e Basal Insulin Clearance: Calculated as the ratio of the basal insulin
secretion rate to the fasting insulin concentration.

Postprandial (OGTT-derived) Assessment The following parame-
ters were calculated to assess dynamic glucose handling and insulin
secretion in response to the glucose load:

e B-cell Function: A mathematical model was used to analyze glucose

and C-peptide concentrations from the OGTT. This provided key

parameters describing the efficiency and magnitude of the insulin

secretion response, including p-cell glucose sensitivity and total

OGTT insulin secretion.

Insulin Sensitivity: Dynamic insulin sensitivity during the OGTT

was assessed using the 2-hour oral glucose insulin sensitivity index

(2-h OGIS).

Insulin Clearance: Overall insulin clearance during the OGTT was

calculated as the ratio of total insulin secretion to the corresponding

insulin concentrations during the test.

e Area Under the curve (AUC): The total AUC was calculated using
the trapezoidal method for glucose, insulin, and C-peptide concen-
trations throughout the 2-hour OGTT.

2.8. Chloride conductance studies

Participants were characterized according to the CFTR2 database’s
CFTR-chloride conductance (CC) data carried out in Fisher Rat Thyroid
cells, FRT, and in Cystic Fibrosis Bronchial Epithelial cells, CFBE.
Although these data are publicly available in principle, the compiled
spreadsheet is not posted on the CFTR2 website and was obtained
through direct request to the CFTR2 team. Participants’ CC values of
allele pairs performed in FRT and CFBE cells were associated to each
patient stratified in groups: MF/MF function and MF/RF or RF/RF
function. For each cell line, only participants with complete data were
included in the analysis. For each patient, the higher of the two mean CC
values (one for each allele) was used as representative of that patient’s
CC [10].

2.9. Bias and sample size

Potential biases included variations in OGTT screening practices and
exclusion of diabetic participants from the OGTT. Survival bias was
assessed by analyzing outcome variable trends. The minimum sample
size (n = 240) was determined based on criteria by Riley et al. [22] for a
multivariable model predicting f-cell glucose sensitivity.

2.10. Statistical analysis

All statistical analyses were conducted using R 4.4. A p-value of <
0.05 was considered statistically significant for all analyses. The pri-
mary, pre-specified hypothesis of this study was to test the relationship
between the in vitro measure of CFTR channel function (CFTR-chloride
conductance) and the most comprehensive in vivo measure of pancreatic
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endocrine efficiency (B-cell glucose sensitivity). All other statistical
comparisons, such as group differences in individual OGTT time points
or other derived metabolic parameters, were considered secondary and
exploratory, intended to provide a richer physiological context for our
primary finding.

Sample Size Calculation The minimum required sample size was
determined a priori based on the criteria by Riley et al. [22] for devel-
oping a multivariable prediction model for p-cell glucose sensitivity, our
primary outcome. The calculated minimum sample size was 240, which
was exceeded by our enrolled cohort of 341 participants.

Data Presentation and Handling Continuous variables were pre-
sented as median and interquartile range (IQR), while discrete variables
were reported as counts and proportions. To manage the effect of
extreme values, all continuous outcome variables, excluding age, were
winsorized at the 1st and 99th percentiles. Multiple imputation was used
to handle missing data.

Comparison between CFTR Function Groups To assess differences
in OGTT and modeled metabolic parameters between CFTR function
groups, we used additive quantile regression models. This approach
allowed us to model the effect of predictors on the 25th, 50th (median),
and 75th percentiles of each outcome variable’s distribution. For these
models, the outcome variables were the OGTT parameters and derived
indices (e.g., p-cell glucose sensitivity). The predictors included in the
models were:

e CFTR MF and RF groups (categorical: "Minimal/minimal function"
MF/MF vs. "Minimal/residual MF/RF or residual/residual function
RF/RE")

o Age (continuous, transformed with a cubic spline basis)

e Sex (categorical: Female vs. Male)

e Pancreatic status (categorical: Pancreatic sufficient vs. Pancreatic
insufficient)

Association with CFTR-Chloride Conductance The relationship
between CFTR channel function and p-cell function was assessed using
multivariable linear regression. In these models, p-cell glucose sensi-
tivity was the dependent variable. The primary predictor was the pa-
tient’s representative mean chloride conductance (as % of normal), with
adjustments made for sex and age. Separate models were run for
conductance data obtained from FRT and CFBE cells.

3. Results
3.1. Overadll characteristics of the study population

Baseline characteristics and disease severity are summarized in
Table 1. In total 341 pwCF were enrolled with a median (IQR) age of 19
[16,25] and almost equal distribution of sex (193 (57 %) females). The
sample was prevalently pancreatic insufficient (271 (79 %)), and the
BMI of 204 (60 %) participants was considered below target according
Cystic Fibrosis Foundation recommendations. The majority of pwCF had
normal glucose tolerance, NGT (N = 207, median age 18, 59 % females,
71 % PI). CFTR genotypes were also described by epidemiological
prevalence (F508del homozygous, F508del heterozygous, other). Based
on the CFTR mutations classification system [9,13], we enrolled most
participants (255, 75 %) with both CFTR alleles with minimal function,
and only 11 (3.2 %) with both alleles with residual function mutations.
Partecipants enrolled under modulator treatments are indicated in
Table 1, no pwCF enrolled was under ETI treatment.

3.2. Differences between pwCF with residual or minimal CFTR function

OGTT glucose and insulin data were stratified according to CFTR
genotypes (MF group., Minimal/Minimal function or RF group, het-
erozygous with at least one residual function mutation, Minimal/Re-
sidual or Residual/Residual) of partecipants enrolled for determinations
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Table 1
Patient characteristics in the overall sample, stratified by CFTR minimal and
residual function mutation groups.

Characteristics N Overall N = MF/MF MF/RF or
3417 N= RF/RF
255’ N = 86’
Age (years) 341 19 (15, 24) 19 (14, 19 (15,
25) 23)
Sex 341
Female 193 (57 %) 136 (53 57 (66 %)
%)
Male 148 (43 %) 119 (47 29 (34 %)
%)
FEV1 fraction of predicted (as %) 245 87 (71, 103) 83 (70, 96 (82,
101) 103)
Unknown 96 74 22
Pancreatic status 341
Pancreatic sufficient 70 (21 %) 30(12 40 (47 %)
%)
Pancreatic insufficient 271 (79 %) 225 (88 46 (53 %)
%)
BMI category 341
Underweight 12 (3.5 %) 6 (2.4 6 (7.0 %)
%)
Normal weight 312 (91 %) 239 (94 73 (85 %)
%)
Overweight 14 (4.1 %) 9(3.5 5 (5.8 %)
%)
Obese 3 (0.9 %) 1(0.4 2 (2.3 %)
%)
BMI Cystic Fibrosis Foundation 341
recommendations
Below target 204 (60 %) 161 (63 43 (50 %)
%)
Above target 137 (40 %) 94 (37 43 (50 %)
%)
CFTR genotype 341
F508del homozygous 90 (26 %) 90 (35 0 (0 %)
%)
F508del heterozygous 158 (46 %) 115 (45 43 (50 %)
%)
Other 93 (27 %) 50 (20 43 (50 %)
%)
CFTR function 341
Minimal/minimal function 255 (75 %) 255 0 (0 %)
(100 %)
Minimal/residual function 75 (22 %) 0 (0 %) 75 (87 %)
Residual/residual function 11 (3.2 %) 0 (0 %) 11 (13 %)
CFTR modulator 341
None 289 (85 %) 217 (85 72 (84 %)
%)
Ivacaftor 20 (5.9 %) 8 (3.1 12 (14 %)
%)
Lumacaftor/Ivacaftor 32 (9.4 %) 30 (12 2 (2.3 %)

%)

! Median (Q1, Q3); n (%)
Patient characteristics in the whole sample and stratified by the CFTR
function mutations classes, MF and RF.

of plasma glucose, serum insulin, and C-peptide concentrations
(Table 2). The glucose curve resulted consistently lower for pwCF with
at least one RF mutation, and while no significant differences between
the two groups is observed in the early stages of insulin secretion by
insulin and C-peptide values during the OGTT. The relationship between
glucose levels and insulin secretion was significantly different, and
highlighted by the differences in f-cell glucose sensitivity, a parameter
that most of all expresses the efficiency of insulin secretion. Insulin
clearance, both basal and during OGTT, was lower in pwCF with pre-
served residual CFTR channel function (Table 2). Fitted values are dis-
played for pwCF with median age (19 years), female sex, and pancreatic
insufficiency (Fig. 1). . The same differences are depicted in Fig. 1 and
Fig. 2, showing the 25th and 75th percentiles. For a detailed visualiza-
tion of the underlying data and model fits for each of these parameters,
see Supplementary Figures 2-5. The complete statistical outputs for
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the quantile regression models at the 25th, 50th, and 75th percentiles
are provided in Supplementary Tables 1-4." To ensure our findings
were not confounded by treatment differences, we performed a sensi-
tivity analysis by including CFTR modulator therapy as a covariate in
our models. The inclusion of this variable did not alter the significant
differences observed between the MF and RF groups. The effect of
modulator therapy itself was not consistently significant across all
metabolic parameters, as detailed in the Supplementary Materials.

3.3. Patient characteristics and their relationship with CFTR-chloride
conductance and fS-cell glucose sensitivity

Out of 341 partecipants enrolled, 162 had both CFTR variants tested
in FRT cells (84 % MF group, 86 % PI, median age 20 years (range
15-25), 51 % females), and an overlapping subset of 102 carrying both
CFTR variants tested in CFBE cells (94 % MF group, 86 % PI, median age
21 years (rangel6-26), 45 % females) for chloride conductance, CC with
data collected in the CFTR2 database [10].Characteristics of pwCF with
available mean CC data of both CFTR variants are provided in Table 3,
and the relationship between mean CC and f-cell glucose sensitivity is
displayed in Table 4. Mean CC values show a positive and statistically
significant relationship with p-cell glucose sensitivity. This association
remains robust even after adjusting for multiple variables known to
influence p-cell glucose sensitivity, such as age, sex, and other relevant
clinical factors, This relationship is consistent regardless of the cell line
used to measure chloride conductance, indicating that higher CFTR
function (RF group), as reflected by increased chloride conductance, is
closely linked to improved p-cell function.They display better glucose
tolerance at all OGTT time points (all p < 0.05), and better p-cell glucose
sensitivity with a difference of 21 pmolxmin'xm2xmM™ between
groups (Table 2). Although worse f-cell function is associated with
exocrine PI, CFTR-chloride conductance is quantitatively related to
B-cell function in pwCF (Table 4). This positive and statistically signif-
icant linear relationship is visualized in Supplementary Figure 1,
which plots the individual participant data against the model’s fitted
lines.

4. Discussion

In our study, we highlighted differences in insulin secretion and
glucose metabolism between pwCF with at least one residual function
mutation (RF group), and those with MF mutations on both alleles (MF
group). The study population is representative of the broader pwCF
population, encompassing a diverse range of ages, disease severities, and
genetic variants, thereby reflecting the heterogeneity commonly
observed in clinical practice (Table 1) [23,24].

We employed in vitro data of CFTR-chloride conductance, CC studies
in FRT and CFBE cell lines stored in the CFTR2 database, a compre-
hensive online resource for both clinical features and functional testing
of CFTR variants [10]. After adjusting for key variables known to in-
fluence glucose tolerance and insulin secretion, the RF group showed
better glucose tolerance during OGTTs and exhibited more robust,
timely insulin secretion, as indicated by higher B-cell glucose sensitivity
compared to the MF group. This clinically significant improvement in
glucose handling is clearly illustrated in Fig. 1, which shows a consis-
tently lower glucose excursion in the RF group at all post-load time
points during the OGTT. Additionally, in pwCF with available CC data, a
positive linear correlation was observed between mean residual CC and
B-cell glucose sensitivity. Research has shown that the severity of CFTR
dysfunction correlates with the risk and severity of CFRD [7,11,16,
23-25]. Although the primary defect in CF stems from the dysregulation
of CC due to CFTR variants, its effects may extend beyond the exocrine
pancreas to impact endocrine function, particularly p-cell activity.
Impaired CC could indirectly influence p-cell function, and data suggest
that it may trigger a cascade of events contributing to the development
of CFRD [25]. The extensive damage to the exocrine pancreas, marked
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OGTT glucose and insulin data stratified in two groups according to CFTR genotypes having minimal function, MF mutations on both alleles or at least one residual

function, RF mutation on one allele.

Characteristics N Overall N = 341 MF/MF MF/RF or RF/RF Adjusted difference 95 9% CI’ p-value
N =255 N =286
Fasting glucose (mg/dL) 338 84 (78, 91) 85 (78, 92) 83 (77, 89) -1.5 1.1, —4.2 0.3
Glucose at 30 OGTT minutes (mg/dL) 338 149 (131, 173) 154 (133, 177) 136 (122, 157) -14 —6.3, —22 <0.001
Glucose at 60 OGTT minutes (mg/dL) 336 163 (132, 197) 173 (142, 203) 134 (107, 160) —24 -13, -35 <0.001
Glucose at 90 OGTT minutes (mg/dL) 337 133 (106, 174) 143 (114, 184) 109 (95, 135) -21 -9.8, -33 <0.001
Glucose at 120 OGTT minutes (mg/dL) 336 109 (92, 139) 116 (95, 147) 99 (88, 119) —14 —4.7, —22 0.003
Fasting insulin (uIU/mL) 298 6.7 (4.6, 9.7) 6.3 (4.4,9.1) 7.4 (5.6, 10.7) 0.51 1.7, —0.66 0.4
Insulin at 30 OGTT minutes (pIU/mL) 291 31 (18, 52) 28 (17, 46) 43 (27, 60) 7.1 15, —0.58 0.070
Insulin at 60 OGTT minutes (pIU/mL) 298 45 (29, 71) 44 (27, 70) 53 (31, 83) 0.14 10, —10 >0.9
Insulin at 90 OGTT minutes (uIU/mL) 299 49 (31, 72) 50 (32, 71) 48 (31, 80) -3.1 5.9, -12 0.5
Insulin at 120 OGTT minutes (uIU/mL) 301 39 (24, 65) 40 (24, 68) 38 (26, 60) —4.6 3.2, -12 0.3
Fasting C-peptide (ng/mL) 337 1.39 (0.99, 1.78) 1.34 (0.95, 1.76) 1.49 (1.06, 1.87) 0.00 0.18, —0.17 >0.9
C-peptide at 30 OGTT minutes (ng/mL) 335 3.70 (2.59, 5.41) 3.50 (2.38, 5.00) 4.70 (3.19, 6.39) 0.63 1.3, —0.04 0.065
C-peptide at 60 OGTT minutes (ng/mL) 337 5.89 (4.07, 8.32) 5.60 (3.93, 8.06) 6.69 (4.50, 8.92) 0.33 1.2, -0.57 0.5
C-peptide at 90 OGTT minutes (ng/mL) 336 7.00 (4.87, 8.97) 7.08 (4.86, 8.97) 6.79 (4.88, 8.97) —0.44 0.39, —-1.3 0.3
C-peptide at 120 OGTT minutes (ng/mL) 335 6.52 (4.65, 8.64) 6.66 (4.67, 8.64) 5.99 (4.46, 8.55) -1.1 —0.31, -1.9 0.007
Basal insulin secretion (pmolxmin= xm2) 337 68 (48, 88) 64 (47, 87) 76 (53, 91) -2.1 6.2, —10 0.6
Quantitative insulin sensitivity check index 297 0.37 (0.34, 0.39) 0.37 (0.34, 0.39) 0.36 (0.34, 0.38) 0.00 0.01, —0.01 0.5
Basal insulin clearance (Ixmin™ xm2) 298 1.67 (1.25, 2.13) 1.71 (1.30, 2.18) 1.56 (1.16, 1.96) -0.23 —0.04, —0.41 0.016
Glucose sensitivity (pmolxmin™ xm2xmM™") 337 67 (46, 107) 60 (42, 96) 106 (65, 139) 21 33,89 <0.001
Total insulin secretion (nmolxm™2) 337 50 (35, 62) 49 (35, 61) 51 (36, 63) -5.0 0.85, —11 0.093
2-hours OGIS (mlxmin™xm™2) 271 473 (425, 511) 472 (423, 508) 482 (435, 519) 15 31, -2.3 0.090
OGTT insulin clearance (Ixmin™xm™2) 336 1.27 (1.00, 1.59) 1.28 (1.07, 1.61) 1.15 (0.79, 1.51) -0.14 —-0.01, —0.27 0.032

L CI = Confidence Interval

Differences between patients with “MF/MF” and “MF/RF or RF/RF” from quantile regression of median of oral glucose tolerance parameters and modeled pa-
rameters. The characteristics column indicates the outcome for each quantile regression model; predictors included in the models: age (continuous, years, transformed
with a smooth that have a cubic spline basis), sex (categorical: Female, Male), pancreatic insufficiency (categorical: Pancreatic sufficient, Pancreatic insufficient), CFTR
function (categorical: minimal/minimal function, minimal/residual or residual/residual function).

by fibrosis and fatty replacement, creates a challenging microenviron-
ment for the islets of Langerhans, disrupting cell-to-cell communication
and impairing p-cell function [25]. Moreover, the altered composition
and arrangement of the islets, alongside the loss of critical structures
such as microvasculature and autonomic nerve fibers, may further
compromise insulin secretion [7,11,25,26]. Finally, while CFTR is pre-
dominantly recognized for its role in exocrine pancreas, mutations in
CFTR may compromise fp-cell function, thereby contributing to the
development of CFRD [7,25,28,30]). This possibility underscores the
importance of further research to elucidate the potential direct impact of
the degree of CFTR channel dysfunction on p-cell physiology. Further-
more, our observation of elevated insulin clearance in pwCF with min-
imal CFTR function is consistent with our previous findings in two
independent CF cohorts (Table 2), as well as with external studies [7,20,
25,28]. This suggests that CFTR dysfunction may play a critical role in
modulating insulin dynamics, and it raises the possibility that early al-
terations in insulin clearance could be an early indicator of developing
metabolic dysfunction in pwCF.

Furthermore, the recent suggestion that elevated insulin clearance
could serve as a hallmark of a novel diabetes subtype in the general
population raises the possibility that similar mechanisms could
contribute to metabolic dysfunction in pwCF. Therefore, insulin clear-
ance represents a potential factor to investigate in advancingour un-
derstanding of CFRD pathogenesis [29].

This study also underlines that the shape of the insulin curve during
an OGTT provides crucial insights beyond overall insulin secretion.
Indeed, an early insulin peak (at around 30 min) is vital for efficient
glucose management [21,23,28]. Relying solely on measures as insulin
AUC or total insulin secretion may be misleading, whereas modeled
parameters such as p-cell glucose provide a more accurate representa-
tion of this dynamic process.

It is crucial, in the near future, that clinicians will be able to rely on
standardized biomarkers to predict the development of CFRD for an
early management, particularly in the context of newer highly effective
CFTR modulators such as ETI and VTD (vanzacaftor/tezacaftor/iva-
caftor) [30]. In this study, only 15 % of the sample was receiving a CFTR
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modulator (lumacaftor/ivacaftor) at the time of the OGTT and our
models did not show a positive effect on glucose tolerance and insulin
secretion parameters [27]. This will require further investigations,
particularly regarding the highly effective CFTR modulator ETI or VTD
to fully understand its role in modifying insulin dynamics, especially
when treatment begins early in the life of pwCF.

This study benefits from a large cohort of pwCF, who underwent
detailed characterization including OGTTs, enabling a comprehensive
assessment of glucose tolerance and insulin secretion dynamics. How-
ever, it is important to acknowledge that CC studies were available in the
CFTR2 database only for a subset of variants [10].

Taken together, our findings demonstrate that CFTR function asso-
ciated to improved glucose tolerance and insulin secretion in pwCF,
emphasizing CFTR’s dual role in both pancreatic exocrine and endo-
crine functions. The observed correlation between CFTR-dependent
chloride conductance and f-cell glucose sensitivity suggests a potential
mechanism underlying its influence on insulin secretion. Future
studies, ideally integrating assessments of p-cell function and chloride
conductanceideally in patient-derived cells, will be crucial to further
elucidate clarify the complex interplay between CFTR channel activity,
pancreatic function, and glucose metabolism in CF.
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Table 3
Characteristics of pwCF with variants on both alleles tested for chloride
conductance in the CFTR2 database.

Characteristic FRTN=162' CFBEN =102’
Age (years) 20 (15, 25) 21 (16, 26)
Sex

Female 82 (51 %) 46 (45 %)

Male 80 (49 %) 56 (55 %)
pancreatic_insufficiency

Pancreatic sufficient 23 (14 %) 14 (14 %)

Pancreatic insufficient 139 (86 %) 88 (86 %)
BMI category

Underweight 5(3.1 %) 1 (1.0 %)

Normal weight 147 (91 %) 96 (94 %)

Overweight 9 (5.6 %) 5 (4.9 %)

Obese 1 (0.6 %) 0 (0 %)
BMI Cystic Fibrosis Foundation

recommendations

Below target 93 (57 %) 59 (58 %)

Above target 69 (43 %) 43 (42 %)
CFTR mutation

F508del homozygous 90 (56 %) 90 (88 %)

F508del heterozygous 58 (36 %) 12 (12 %)

Other 14 (8.6 %) 0 (0 %)
CFTR function

Minimal/Minimal function 136 (84 %) 96 (94 %)

Minimal/Residual function 25 (15 %) 6 (5.9 %)

Residual/Residual function 1 (0.6 %) 0 (0 %)
CFTR modulator

None 112 (69 %) 64 (63 %)

Ivacaftor 19 (12 %) 8 (7.8 %)

Lumacaftor/Ivacaftor 31 (19 %) 30 (29 %)

! Median (Q1, Q3); n (%)
Patient characteristics in chloride conductance subsamples, stratified by cell
line used.

Table 4
Linear regression of glucose sensitivity as predicted by chloride conductance,
adjusted by sex, age. One model per cell line used.

FRT CFBE
Characteristic Beta 95% p-value Beta 95% p-value
cr’ cr’
Sex
Female — — — —
Male -18  -29, 0.003 -19 32, 0.008
—6.2 —-5.2
Mean chloride 1.5 0.75, <0.001 2.7 1.4, <0.001
conductance, as % 2.3 4.0
of normal
Age smooth <0.001 <0.001

! CI = Confidence Interval
Linear regression of glucose sensitivity as predicted by chloride conduc-
tance, adjusted by sex, age. One model per cell line used.

acquisition; Resources; Writing - original draft; Writing - review &
editing. Carla Colombo: Supervision; Funding acquisition; Resources;
Writing - original draft; Writing - review & editing. Alberto Battezzati:
Conceptualization; Funding acquisition; Project administration; Writing
- original draft; Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This research was supported by Fondazione Ricerca Fibrosi Cistica
(FFC) FFC#14/2024, FFC#24/2019, FFC#20/2016, FFC#21/2013.

326

Journal of Cystic Fibrosis 25 (2026) 319-327

Supplementary materials

Supplementary material associated with this article can be found, in

the online version, at doi:10.1016/j.jcf.2025.11.001.

References

[1]

[2]

[3]

[4]

(5]

[6]

[71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Mall MA, Burgel PR, Castellani C, Davies JC, Salathe M, Taylor-Cousar JL. Cystic
fibrosis. Nat Rev Dis Primers 2024;10(1):53. https://doi.org/10.1038/541572-024-
00538-6. Aug 8PMID: 39117676.

McKone EF, Emerson SS, Edwards KL, Aitken ML. Effect of genotype on phenotype
and mortality in cystic fibrosis: a retrospective cohort study. Lancet 2003;361
(9370):1671-6. https://doi.org/10.1016/50140-6736(03)13368-5. May 17PMID:
12767731.

Moheet A, Moran A. New concepts in the pathogenesis of cystic fibrosis-related
diabetes. J Clin Endocrinol Metab 2022;107(6):1503-9. https://doi.org/10.1210/
clinem/dgac020. May 17PMID: 35106591.

Granados A, Chan CL, Ode KL, Moheet A, Moran A, Holl R. Cystic fibrosis related
diabetes: pathophysiology, screening and diagnosis. J Cyst Fibros 2019;18(Suppl
2):83-9. https://doi.org/10.1016/j.jcf.2019.08.016. OctPMID: 31679726.

Olesen HV, Drevinek P, Gulmans VA, Hatziagorou E, Jung A, Mei-Zahav M,
Stojnic N, Thomas M, Zolin A, ECFSPR Steering Group. Cystic fibrosis related
diabetes in Europe: prevalence, risk factors and outcome; Olesen et al. J Cyst Fibros
2020;19(2):321-7. https://doi.org/10.1016/].jcf.2019.10.009. MarEpub 2019 Oct
31. PMID: 31680042.

Putman MS, Norris AW, Hull RL, Rickels MR, Sussel L, Blackman SM, Chan CL,
Ode KL, Daley T, Stecenko AA, Moran A, Helmick MJ, Cray S, Alvarez JA,
Stallings VA, Tuggle KL, Clancy JP, Eggerman TL, Engelhardt JF, Kelly A. Cystic
Fibrosis-Related Diabetes Workshop: research priorities spanning disease
pathophysiology, diagnosis, and outcomes. Diabetes Care 2023;46(6):1112-23.
https://doi.org/10.2337/dc23-0380. Jun 1PMID: 37125948; PMCID:
PMC10234745.

Coderre L, Debieche L, Plourde J, Rabasa-Lhoret R, Lesage S. The potential causes
of cystic fibrosis-related diabetes. Front Endocrinol (Lausanne) 2021;12:702823.
https://doi.org/10.3389/fendo.2021.702823. Jul 30PMID: 34394004; PMCID:
PMC8361832.

White MG, Maheshwari RR, Anderson SJ, Berlinguer-Palmini R, Jones C,
Richardson SJ, Rotti PG, Armour SL, Ding Y, Krasnogor N, Engelhardt JF, Gray MA,
Morgan NG, Shaw JAM. In Situ analysis reveals that CFTR is expressed in only a
small minority of f-cells in normal adult Human pancreas. J Clin Endocrinol Metab.
2020;105(5):1366-74. https://doi.org/10.1210/clinem/dgz209. May 1PMID:
31748811; PMCID: PMC7341165.

De Boeck K, Amaral MD. Progress in therapies for cystic fibrosis. Lancet Respir Med
2016;4(8):662-74. https://doi.org/10.1016/52213-2600(16)0002.3-0. AugEpub
2016 Apr 1. PMID: 27053340.

Sosnay PR, Salinas DB, White TB, Ren CL, Farrell PM, Raraigh KS, Girodon E,
Castellani C. Applying cystic Fibrosis transmembrane conductance regulator
genetics and CFTR2 data to facilitate diagnoses. J Pediatr 2017;181S:527-32.
https://doi.org/10.1016/j.jpeds.2016.09.063. FebelPMID: 28129809.

Mei Zahav M, Orenti A, Jung A, Hatziagorou E, Olesen HV. Kerem E; ECFSPR with
the list of contributing authors. Disease severity of people with cystic fibrosis
carrying residual function mutations: data from the ECFS Patient Registry. J Cyst
Fibros 2023;22(2):234-47. https://doi.org/10.1016/j.jcf.2022.07.015. MarEpub
2022 Aug 5. PMID: 35934641.

Lurquin F, Buysschaert M, Preumont V. Advances in cystic fibrosis-related diabetes:
current status and future directions. Diabetes Metab Syndr 2023;17(11):102899.
https://doi.org/10.1016/j.dsx.2023.102899. NovEpub 2023 Nov 2. PMID:
37939435.

Marson FAL, Bertuzzo CS, Ribeiro JD. Classification of CFTR mutation classes.
Lancet Respir Med 2016;4(8):e37-8. https://doi.org/10.1016/52213-2600(16)
30188-6. AugEpub 2016 Jul 1. PMID: 27377414.

Center for Disease Control and Prevention. CDC growth charts: united states
[Internet]. Available from: http://www.cdc.gov/growthcharts/; 2000.

Cystic Fibrosis Foundation. Nutritional basics [Internet]. Available from:
https://www.cff.org/managing-cf/nutritional-basics; 2022.

Moran A, Pillay K, Becker D, Granados A, Hameed S, Acerini CL. ISPAD Clinical
Practice Consensus Guidelines 2018: management of cystic fibrosis-related
diabetes in children and adolescents. Pediatr Diabetes 2018;19(Suppl 27):64-74.
https://doi.org/10.1111/pedi.12732. OctPMID: 30094886.

Mari A, Ferrannini E. Beta-cell function assessment from modelling of oral tests: an
effective approach. Diabetes Obes Metab 2008;10(Suppl 4):77-87. https://doi.org/
10.1111/j.1463-1326.2008.00946.x. NovPMID: 18834435.

Battezzati A, Mari A, Zazzeron L, Alicandro G, Claut L, Battezzati PM, Colombo C.
Identification of insulin secretory defects and insulin resistance during oral glucose
tolerance test in a cohort of cystic fibrosis patients. Eur J Endocrinol 2011;165(1):
69-76. https://doi.org/10.1530/EJE-10-1003. JulEpub 2011 Apr 18. PMID:
21502328.

Battezzati A, Bedogni G, Zazzeron L, Mari A, Battezzati PM, Alicandro G, Bertoli S,
Colombo C. Age- and sex-dependent distribution of OGTT-related variables in a
population of cystic fibrosis patients. J Clin Endocrinol Metab 2015;100(8):
2963-71. https://doi.org/10.1210/jc.2015-1512. AugEpub 2015 Jun 9. PMID:
26057180.

Katz A, Nambi SS, Mather K, Baron AD, Follmann DA, Sullivan G, Quon MJ.
Quantitative insulin sensitivity check index: a simple, accurate method for


https://doi.org/10.1016/j.jcf.2025.11.001
https://doi.org/10.1038/s41572-024-00538-6
https://doi.org/10.1038/s41572-024-00538-6
https://doi.org/10.1016/S0140-6736(03)13368-5
https://doi.org/10.1210/clinem/dgac020
https://doi.org/10.1210/clinem/dgac020
https://doi.org/10.1016/j.jcf.2019.08.016
https://doi.org/10.1016/j.jcf.2019.10.009
https://doi.org/10.2337/dc23-0380
https://doi.org/10.3389/fendo.2021.702823
https://doi.org/10.1210/clinem/dgz209
https://doi.org/10.1016/S2213-2600(16)00023-0
https://doi.org/10.1016/j.jpeds.2016.09.063
https://doi.org/10.1016/j.jcf.2022.07.015
https://doi.org/10.1016/j.dsx.2023.102899
https://doi.org/10.1016/S2213-2600(16)30188-6
https://doi.org/10.1016/S2213-2600(16)30188-6
http://www.cdc.gov/growthcharts/
https://www.cff.org/managing-cf/nutritional-basics
https://doi.org/10.1111/pedi.12732
https://doi.org/10.1111/j.1463-1326.2008.00946.x
https://doi.org/10.1111/j.1463-1326.2008.00946.x
https://doi.org/10.1530/EJE-10-1003
https://doi.org/10.1210/jc.2015-1512

F. Ciciriello et al.

[21]

[22]

[23]

[24]

[25]

assessing insulin sensitivity in humans. J Clin Endocrinol Metab 2000;85(7):
2402-10. https://doi.org/10.1210/jcem.85.7.6661. JulPMID: 10902785.

Mari A, Pacini G, Murphy E, Ludvik B, Nolan JJ. A model-based method for
assessing insulin sensitivity from the oral glucose tolerance test. Diabetes Care
2001;24(3):539-48. https://doi.org/10.2337 /diacare.24.3.539. MarErratum in:
Diabetes Care. 2014 Jul;37(7):2063. PMID: 11289482.

Riley RD, Snell KI, Ensor J, Burke DL, Jr Harrell FE, Moons KG, Collins GS.
Minimum sample size for developing a multivariable prediction model: PART II -
binary and time-to-event outcomes. Stat Med 2019;38(7):1276-96. https://doi.
org/10.1002/5im.7992. Mar 30Epub 2018 Oct 24. Erratum in: Stat Med. 2019 Dec
30;38(30):5672. 10.1002/5im.8409. PMID: 30357870; PMCID: PMC6519266.
Foppiani A, Ciciriello F, Bisogno A, Bricchi S, Colombo C, Alghisi F, Lucidi V,
Catena MA, Lucanto M, Mari A, Bedogni G, Battezzati A. Distribution of OGTT-
related variables in patients with cystic fibrosis from puberty to adulthood: an
Italian multicenter study. J Pers Med 2023;13(3):469. https://doi.org/10.3390/
jpm13030469. Mar 3PMID: 36983651; PMCID: PMC10056682.

Salvatore D, Padoan R, Buzzetti R, Amato A, Giordani B, Ferrari G, Majo F. Patients
with cystic fibrosis having a residual function mutation: data from the Italian
registry. Pediatr Pulmonol 2019;54(2):150-7. https://doi.org/10.1002/
ppul.24215. FebEpub 2018 Dec 18. PMID: 30561903.

Malik SS, Padmanabhan D, Hull-Meichle RL. Pancreas and islet morphology in
cystic fibrosis: clues to the etiology of cystic fibrosis-related diabetes. Front
Endocrinol (Lausanne) 2023;14:1269139. https://doi.org/10.3389/
fendo.2023.1269139. Nov 23PMID: 38075070; PMCID: PMC10704027.

327

[26]

[27]

[28]

[29]

[30]

Journal of Cystic Fibrosis 25 (2026) 319-327

Guo JH, Chen H, Ruan YC, Zhang XL, Zhang XH, Fok KL, Tsang LL, Yu MK,
Huang WQ, Sun X, Chung YW, Jiang X, Sohma Y, Chan HC. Glucose-induced
electrical activities and insulin secretion in pancreatic islet §-cells are modulated
by CFTR. Nat Commun 2014;5:4420. https://doi.org/10.1038/ncomms5420. Jul
15PMID: 25025956; PMCID: PMC4104438.

Colombo C, Foppiani A, Bisogno A, Gambazza S, Dacco V, Nazzari E, Leone A,
Giana A, Mari A, Battezzati A. Lumacaftor/ivacaftor in cystic fibrosis: effects on
glucose metabolism and insulin secretion. J Endocrinol Invest 2021;44(10):
2213-8. https://doi.org/10.1007/s40618-021-01525-4. OctEpub 2021 Feb 13.
PMID: 33586024; PMCID: PMC8421269.

Nielsen BU, Mathiesen IHM, Krogh-Madsen R, Katzenstein TL, Pressler T,

Shaw JAM, Rickels MR, Almdal TP, Faurholt-Jepsen D, Stefanovski D. Insulin
sensitivity, disposition index and insulin clearance in cystic fibrosis: a cross-
sectional study. Diabetologia 2024;67(10):2188-98. https://doi.org/10.1007/
500125-024-06220-6. OctEpub 2024 Aug 2. PMID: 39093413; PMCID:
PMC11447061.

Sugiyama S, Jinnouchi H, Hieshima K, Kurinami N, Jinnouchi K, Yoshida A,
Suzuki T, Kajiwara K, Miyamoto F, Jinnouchi T. Potential identification of type 2
diabetes with elevated insulin clearance. NEJM Evid. 2022;1(4). https://doi.org/
10.1056/EVID0a2100052. AprEVID0oa2100052Epub 2022 Mar 15. PMID:
38319210.

Hasan S, Soltman S, Wood C, Blackman SM. The role of genetic modifiers,
inflammation and CFTR in the pathogenesis of cystic fibrosis related diabetes.

J Clin Transl Endocrinol 2021;27:100287. https://doi.org/10.1016/j.

jete.2021.100287. Dec 10PMID: 34976741; PMCID: PMC8688704.


https://doi.org/10.1210/jcem.85.7.6661
https://doi.org/10.2337/diacare.24.3.539
https://doi.org/10.1002/sim.7992
https://doi.org/10.1002/sim.7992
https://doi.org/10.3390/jpm13030469
https://doi.org/10.3390/jpm13030469
https://doi.org/10.1002/ppul.24215
https://doi.org/10.1002/ppul.24215
https://doi.org/10.3389/fendo.2023.1269139
https://doi.org/10.3389/fendo.2023.1269139
https://doi.org/10.1038/ncomms5420
https://doi.org/10.1007/s40618-021-01525-4
https://doi.org/10.1007/s00125-024-06220-6
https://doi.org/10.1007/s00125-024-06220-6
https://doi.org/10.1056/EVIDoa2100052
https://doi.org/10.1056/EVIDoa2100052
https://doi.org/10.1016/j.jcte.2021.100287
https://doi.org/10.1016/j.jcte.2021.100287

	Mutations with residual CFTR function are associated with better glucose tolerance and insulin secretion in people with Cys ...
	1 Introduction
	2 Material and methods
	2.1 Study design and participants
	2.2 CFTR channel function stratification
	2.3 Variables and measurements
	2.4 CFTR variants and clinical assessment
	2.5 Anthropometric and pulmonary assessment
	2.6 OGTT and laboratory analyses
	2.7 Modeling and calculations
	2.8 Chloride conductance studies
	2.9 Bias and sample size
	2.10 Statistical analysis

	3 Results
	3.1 Overall characteristics of the study population
	3.2 Differences between pwCF with residual or minimal CFTR function
	3.3 Patient characteristics and their relationship with CFTR-chloride conductance and β-cell glucose sensitivity

	4 Discussion
	CRediT author contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	References


