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Abstract

Introduction: Cystic fibrosis transmembrane conductance regulator (CFTR) modula-
tors improve gastrointestinal absorption of nutrients and may result in changes in
body mass index (BMI), serum lipids, and fat-soluble vitamin levels. We hypothesized
that serum lipids and vitamin levels would increase with CFTR modulator therapy
and that greater increase in lipids and vitamin levels would be related to greater
increase in BMI.

Methods: A retrospective study was performed to evaluate the impact of
elexacaftor/tezacaftor/ivacaftor (ETI) on nutritional parameters, serum lipids, and
fat-soluble vitamin levels. Pre-ETI values (<2 years prior) and post-ETI values (>1
month after) were compared. Linear regression was used to evaluate whether
change in BMI is associated with the change in lipid and/or vitamin levels and
whether modulator duration is associated with the degree of rise in lipid and/or
vitamin levels.

Results: Adults and adolescents with CF (n=137) were evaluated before and
31-300 days after starting ETI. Median BMI (adults 21.9 vs. 23.5 kg/mz; adolescents
48 vs. 63 percentile) increased after initiation of ETI. Total cholesterol (126 vs.
154 mg/dL), low-density lipoprotein cholesterol (63 vs. 78 mg/dL), non-high-density
lipoprotein cholesterol (84 vs. 102 mg/dL), and high density lipoprotein cholesterol
(43 vs. 49 mg/dL) increased after ETI, while triglycerides and very low density
lipoprotein did not change. Median values for vitamin D (34.5 vs. 38.0 ng/mL) and
vitamin A (40.1 vs. 47.9 ug/dL) increased, while vitamin E did not change
significantly. There was no significant correlation between BMI change or duration
of modulator therapy with vitamin levels or lipid changes.

Conclusion: After initiation of ETI therapy, serum lipids increased in our population,
but most values remained within the normal range. Vitamins A and D levels

increased post-ETI and no changes were noted in vitamin E. No significant
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1 | INTRODUCTION

Cystic fibrosis (CF) is a multisystem disorder caused by a mutation in
the cystic fibrosis transmembrane conductance regulator (CFTR)
gene.! CFTR dysfunction results in pulmonary disease, exocrine
pancreatic insufficiency, infertility, and diabetes.? Historically, people
with CF (PwCF) often had malnutrition, as well as deficiencies in fat-
soluble vitamin levels (A, D, E, and K), and low cholesterol levels.®*

The life expectancy for PwWCF in the United States is now 56
years, a significant improvement from previous predicted life
expectancies.? This success can be attributed to multiple factors
such as early identification of CF through newborn screening,
aggressive nutritional strategies, improved pulmonary management,
and, most recently, the modulator therapies targeting the CFTR
protein defect itself.? Elexacaftor-tezacaftor-ivacaftor (ETI) therapy,
a highly effective modulator, resulted in 10% increase in percent
predicted forced expiratory volume in 1 s (ppFEV1) after just 4 weeks
and 1.04 kg/m? body mass index (BMI) gain over 24 weeks compared
to placebo.> Despite these extraordinary changes, it remains unclear
whether CFTR modulators fully correct the malabsorptive phenotype
of CF and whether modulator-treated pwCF will be at risk for
dyslipidemia and cardiovascular disease.”

Existing literature suggests several mechanisms of weight gain
with highly effective modulator therapy and mixed results regarding
changes in vitamin and lipid values. A 2019 study of 23 children with
gating-mutations treated with the highly-effective modulator ivacaf-
tor found that reduced intestinal inflammation, improved fat
malabsorption, and reduced resting-energy expenditure all contrib-
uted to weight gain with CFTR modulators.” Fat mass increases with
ETlI as measured by DXA and bioelectrical impedance, with
conflicting results regarding lean mass improvement.81° Importantly,
40% of adults with CF are now overweight or obese and may be at
risk for cardiometabolic complications.** Four studies found improve-
ment in total cholesterol and low-density lipoprotein (LDL) choles-
terol after ETI, though the change was only significant in patients
with CF-related diabetes (CFRD) in one study.'2"*° In contrast, earlier
studies of lumacaftor/ivacaftor found reduction in total and LDL
cholesterol.1>1” Most existing studies find either no change or higher
vitamins A and D levels after ETI, while changes in vitamin E are
variable.131822 Case reports of vitamin A toxicity with ETI suggest
that changes in absorption vary between individuals.?* Elevation of
liver enzymes occurs with ETI therapy in many cases, though
improvement in CF-associated liver disease, particularly hepatic
steatosis, has been reported with ivacaftor and lumacaftor/ivacaftor,

possibly due to improvement in essential fatty acid deficiency.®2>27

i)

correlation between the degree of BMI change and the magnitude of increase in

lipids or vitamin levels was found.

elexacaftor/tezacaftor/ivacaftor, lipid, metabolic, modulator, vitamin

Given the importance of understanding how highly effective
modulators impact extrapulmonary manifestations of CF, we under-
took a retrospective study of adolescents and adults treated with ETI
at our center. Our first aim was to quantify the change in lipids (total
cholesterol [TC], LDL, high-density lipoprotein [HDL], non-HDL, and
triglycerides), vitamin levels (vitamins A, E, and D), and other
nutritional markers before and after taking ETI. The secondary aims
were to assess whether the change in BMI relates to change in lipids
and fat-soluble vitamin levels and whether the duration of ETI
therapy relates to the change in nutritional parameters. We
hypothesized that lipid levels and vitamin levels would increase after
ETI therapy and that an increase in BMI would correlate with an

increase in lipids but not with fat-soluble vitamin levels.

2 | METHODS

We performed retrospective chart review of all ETI eligible PwWCF at
the LeRoy W. Matthews Cystic Fibrosis Center to evaluate the
impact of ETlI on metabolic and nutritional parameters. All study
procedures were approved by the University Hospital Institutional
Review Board before study initiation. Eligible subjects were identified
through the local CF Center Registry based on a diagnosis of CF and a
prescription for ETI. Demographic and patient characteristics such as
age, sex, BMI, ppFEV1, and pancreatic exocrine status were obtained
from the local CF center registry. Additional patient characteristics
such as the presence of advanced CF liver disease (CFLD), presence
of CFRD, and transplant (lung and/or liver) status were obtained
through chart review. All pancreatic insufficient subjects remained on
their CF-specific vitamin products and vitamin doses were adjusted
only if there were deficiencies or elevated levels.

We evaluated the impact of ETI treatment on multiple clinical
and laboratory outcomes, including BMI, serum lipids, and vitamins A,
D, and E. Pulmonary function testing, serum albumin, total protein,
and liver enzymes were also assessed. All demographics, clinical
characteristics, and laboratory parameters were collected from the
local CF registry and confirmed by chart review. BMI and laboratory
assessments did not always occur at the same time point. Subjects
without any biochemical data were excluded from the study, as were
subjects whose pre-ETI data was more than 2 years before the start
of ETl or whose post-ETI data was obtained within 1 month of
starting ETl. One subject who started a cholesterol-lowering
medication during the study period was excluded from lipid analyses.

Baseline characteristics are described separately for adults 218

years of age and adolescents <18 years of age and were tested for
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between-group differences in sex distribution and ppFEV1 using a
Wilcoxon rank-sum test for continuous data or chi-squared test for
categorical data. BMI was evaluated separately for pediatric and adult
subjects because in the pediatric population, BMI is expressed as a
percentile (specific for age and sex) and in adults as a numerical (kg/
m?). Pre- and post-ETI data were evaluated using a Wilcoxon signed-
rank test. Next, we evaluated the relationship between change in
BMI and change in lipid and fat-soluble vitamin levels by linear
regression. There were not sufficient lipid panels performed in the
pediatric age group, so lipid analyses were only performed in adults.
Duration of ETI therapy and degree of change in total cholesterol,
LDL, HDL, non-HDL, vitamin D, and vitamin A were assessed with

linear regression. Statistical analysis was performed using SAS.

3 | RESULTS

One hundred and thirty-six subjects met the criteria for study
inclusion, including 110 adults and 26 adolescents (Table 1). Adult
subjects were of a higher proportion of male (63%) compared to
pediatric subjects (46%), but the difference was not statistically
significant. As expected, pre-ETIl pulmonary function (ppFEV1) was
significantly higher in adolescents than adults, consistent with the

age-related decline in pulmonary function seen in the CF population.

BMI, ppFEV1, lipid levels, vitamin levels, and liver enzymes
before and after ETl are summarized in Table 2. BMI was
significantly higher post-ETI in both the adult (median 21.9 vs.
23.5 kg/m?, p <.0001) and pediatric (median 48%-63%, p =.0116)
groups, consistent with established literature. The median
duration of ETI therapy at the time of BMI measurement was
181 days (range 31-300 days). Pulmonary function (ppFEV1)
similarly increased from a median of 66.1%-77.3% after ETI
therapy, p < 0.0001.

Total cholesterol, LDL cholesterol, non-HDL cholesterol, and HDL
cholesterol all increased significantly after ETI therapy, while very
low-density lipoprotein (VLDL) cholesterol and triglyceride (TG) levels
did not (Table 2). The median vitamin D level increased from 34.5 to
38 ng/mL and vitamin A level increased from 40.1 to 47.9 ug/dL, but
the vitamin E level did not increase significantly. Median serum albumin
(4.1 to 4.4 mg/dL) and total bilirubin (0.4 to 0.7 mg/dL) both increased
significantly post-ETI; however, there was no significant change in
aspartate transaminase (AST), alanine transaminase (ALT), gamma
glutamyl-transferase (GGT), alkaline phosphatase (ALP), or total protein
with ETI in this cohort.

The degree of change in BMI did not correlate significantly with
the change in lipid or vitamin levels in adults, nor did the degree of
change in BMI correlate significantly with the change in vitamin levels
in the pediatric population with CF. (data not shown) Modulator

TABLE 1 Demographics and baseline characteristics of people with CF before initiating elexacaftor/tezacaftor/ivacaftor (ETI).

Overall

Characteristics n=136
Age (years) 27 (20-37)
Sex

Female 55 (40%)

Male 81 (60%)
Body mass index (%, kg/m?)
FEV1%pred (before ETI) 66 (46-87)
Genotype

F508del/f508del 82 (60%)

F508del/other 54 (40%)

Other/other 0

Pancreatic insufficiency

129 (95%)

CF-liver disease 7 (5%)
Liver transplant 1 (1%)
CF-related diabetes 34 (25%)

Pediatric group Adult group

n=26 n=110 p Value

15 (12-16) 30 (24-9) <.001®
A121°

14 (54%) 41 (37%)

12 (46%) 69 (63%)

48 (29-74) 21.9 (19.8-24.7)

90 (79-99)* 60 (42-72)° <.001?

15 (58%) 67 (61%)

11 (42%) 43 (39%)

0 0

26 (100%)

103 (94%)

1 (4%) 6 (5%)
0 1(1%)
3 (12%) 31 (28%)

Note: Values are expressed as median (interquartile range) or number (%).

Abbreviation: CF, cystic fibrosis.

*Wilcoxon rank-sum test.
bPearson's chi-squared test.
=25

Zn=93.

5n=88.
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TABLE 2 Variables of interest before and after elexcaftor/tezacaftor/ivacaftor (ETI) therapy.

n Pre-ETI Post-ETI p Value
BMI (adult) 82 21.9 (19.6-24.8) 23.5 (20.6-25.8) <.0001
BMI percentile (adolescents) 25 48.0 (29.0-73.8) 63.0 (43.8-79.9) 0116
FEV1 (% predicted) 98 66.1 (47.2-87.4) 77.3 (57.4-97.3) <.0001
Total cholesterol (mg/dL) 35 126 (110-148) 154 (137-179) <.0001
LDL (mg/dL) 31 63 (50-81) 78 (66-97) .0025
HDL (mg/dL) & 43 (35-51) 49 (42-59) .0013
Non-HDL (mg/dL) 33 84 (66-101) 102 (82-123) .0018
VLDL (mg/dL) 31 19 (15-26) 18 (14-25) .3965
Triglycerides (mg/dL) 36 96 (72-128) 100 (74-134) .8663
Vitamin D (ng/mL) 68 34.5 (24.5-41.0) 38.0 (32.0-48.5) <.0001
Vitamin A (ug/dL) 56 40.1 (32.5-55.5) 47.9 (40.6-56.7) .005
Vitamin E (mcg/mL) 59 9.2 (6.5-11.5) 9.6 (6.9-13.2) .2928
GGT (IU/L) 66 15.5 (12-26) 16 (12-24) 9751
Albumin (g/dL) 98 4.1 (3.8-4.5) 4.4 (4.1-4.6) <.0001
Total protein (g/dL) 98 7.2 (6.6-7.6) 7.1(6.8-7.4) .6542
Alkaline phosphatase (U/L) 78 103 (75-138) 96 (70-116) .6542
AST (U/L) 98 22.5 (18-31) 22 (18-32) 4350
ALT (U/L) 98 26 (16-38) 25 (18-37) 4218
Bilirubin total (mg/dL) 98 0.4 (0.3-0.6) 0.7 (0.4-0.9) <.0001

Note: Values are expressed as median (interquartile range).

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; HDL, high-density lipoprotein; LDL,

low-density lipoprotein; VLDL, very low-density lipoprotein.

duration was not significantly associated with a greater rise in total
cholesterol, LDL, non-HDL, HDL, vitamin A, D, or E levels (Figure 1).

4 | DISCUSSION

Adolescent and adult PwCF in our center demonstrated signifi-
cantly higher serum total cholesterol, LDL cholesterol, HDL
cholesterol, and non-HDL cholesterol after initiation of ETI,
though most cholesterol levels remained within the healthy
population reference range. Levels of fat-soluble vitamins A and
D increased after treatment with ETI, while vitamin E did not. Like
prior studies, BMI, pulmonary function, and serum albumin levels
improved with ETI. Interestingly, liver serologies did not change
significantly in our study. There was not a significant association
between the degree of weight gain and change in nutritional
markers, as we had hypothesized. These results add to the existing
literature suggesting highly effective CFTR modulator therapy is
associated with changes in lipid and fat-soluble vitamin levels. Our
results differ from prior studies in that the cholesterol increase was
found in all subjects, not just those with CF-related diabetes, and
both vitamins A and D increased in our population.

An increase in BMI in both children and adults has been noted in
many studies after the initiation of modulator therapies, with greater
weight gain after highly effective modulator therapies such as Iva (for
PWCF with gating mutations) and ETI.212228-3¢ petersen and
colleagues found that the mean rate of change in BMI was 1.47 kg/
mz/yr (95% confidence interval, 1.08-1.87) greater after initiation of
ETI. A decrease in resting energy expenditure and/or better intestinal
absorption due to reduced intestinal inflammation and, rarely partial
improvement in pancreatic function have been reported as possible
reasons for the increase in BMI.”3%3? Gelfond et al. noted an
improvement of intestinal pH post ivacaftor which may improve
absorption, through improved dissolution of enteric-coated enzymes
and less precipitation of bile acids.*® Several studies have also
suggested a positive effect on glucose tolerance, which could lead to
increase in BML***2 Gur et al. examined the effect of ETI on weight
and body composition, finding a 2.5 kg average weight gain and a
0.9 kg/m? average BMI increase. The body composition analysis
demonstrated a significant increase in lean body mass and percent fat
z-score, though other studies found no change in lean mass.”*°
Although higher BMI has historically been associated with improved
survival in PwCF, the possibility of adverse consequences from

obesity in CF is a growing concern.*3#4
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Cystic fibrosis is classically associated with reduced serum lipid
levels due to fat malabsorption, except for occasional hypertriglycer-
idemia.® As expected, cardiovascular disease has been rarely reported
in PwCF and autopsy studies demonstrated minimal coronary
plaque.*” This notwithstanding, an association between obesity, insulin
resistance, and higher lipid levels has been demonstrated in PwWCF,
even before the broad use of highly effective modulator therapies.*4+¢
Several authors have investigated the association between CFTR
modulators and serum lipids (Table 3). Two groups studied adults and
children before and after Lum/Iva therapy and found a decrease in
total cholesterol and no increase in other lipids.*®” Petersen found an
increase in total cholesterol, HDL cholesterol, and LDL cholesterol with
ETI only in the subset of adults with CFRD.*? In contrast, we found a
significant increase in HDL and LDL cholesterol in the population
overall despite a low proportion of subjects with CFRD. Despotes et al.
found an increase in total cholesterol and LDL only.® Yuzyuk
compared modulator and non-modulator-treated children with CF
and noted higher HDL and lower VLDL in children treated with
modulators.*® Carnovale found an increase in non-HDL cholesterol in
adolescents and adults with CF after ETI and proposed that an increase
in hepatic synthesis and secretion of lipoproteins was responsible.
Similar to our study, an increase in albumin was noted by Carnovale,
which could result from increased hepatic synthesis and secretion of
albumin due to reduced inflammation.® Interestingly, hepatic transa-
minases did not increase significantly in our cohort after ETI therapy,
conflicting with other studies.*° Hepatic steatosis has been associated
with both malnutrition and high BMI in pwCF and could confound

assessments of liver enzymes.”°

TABLE 3
References Population Modulator
Ronan et al.*” 24 adults in the USA Iva
Sommerburg et al.*¢ 41 children in Germany Lum/Iva
Gelzo et al.” 20 adults in ltaly Lum/Iva
Petersen et al.'? 134 adults in the USA ETI
Talish et al.** 21 adults in the USA ETI
Carnovale et al.*® 20 children >12 years or ETI
adults in Italy
Yuzyuk et al.? 153 children and adolescents ETI
in the USA
Despotes et al.'® 41 adults in the USA ETI
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Changes in fat-soluble vitamins have been documented in
studies of Iva, Lum/Ilva, and ETI though not all studies find a
difference. The most consistent finding across studies is an increase
in vitamin A levels.'%?22% The changes in vitamin D and vitamin E
were variable between modulators and between the studied cohorts
(Table 4). Sommerburg and colleagues noted an increase in vitamin A
and a decrease in vitamin E following Lum/Iva therapy for a follow-up
duration of up to 2 years after its initiation.® The increase in vitamin
A was believed to be secondary to increased intestinal absorption
and decreased utilization related to reduced inflammatory status. In
this cohort, plasma vitamin E levels and vitamin/cholesterol ratio
were reduced during the same time frame and multiple reasons were
postulated, such as decreased intestinal absorption by competitive
inhibition, altered lipid digestion, increased distribution of vitamin E in
the adipose tissue, and increased vitamin E degradation.'® Using
animal models, investigators have also demonstrated that vitamin A
can inhibit the absorption of other fat-soluble vitamins.’®>*

Francalanci noted a significant increase in vitamins A, D, and E
levels post-ETI, whereas the current study found only increased
vitamins A and D. This discrepant result could be due to age
differences, differences in vitamin dosage and formulations, seasonal
trends (for vitamin D), duration of follow up, and correction for
vitamin E based on lipid levels.?? Generally, an increase in vitamin
levels is believed to be related to increased absorption.'® Sympto-
matic hypervitaminosis A has been reported in few cases?324>5:56
and, in most studies, the increase in vitamin A is not extremely high.
Apart from increased intestinal absorption, an improvement in

systemic inflammation could also contribute to higher vitamins A

Summary of studies evaluating the impact of elexcaftor/tezacaftor/ivacaftor (ETI) on serum lipids.

BMI change Change in cholesterol

Increase in total cholesterol 0.2 mmol/L and
HDL 0.16 mmol/L

Not presented

z-score +0.2 SD Decrease total cholesterol 0.09 mmol/L

Not presented Decrease total cholesterol 3 mg/dL

1.47 kg/m2/yr Increase total cholesterol 0.67 mmol/L/yr,
LDL-C 0.47 mmol/L/yr, HDL
0.23 mmol/L/yr in CFRD group

0.61 kg/m? Increase total cholesterol 11 mg/dL, LDL-C
18 mg/dL

3.1 kg/m? Increase total cholesterol 23 mg/dL, LDL

44 mg/dL, and nonsignificant decrease
in HDL

Not applicable Higher HDL and lower VLDL in subjects on
CFTR modulator compared to not on

modulator

Increase total cholesterol 16 mg/dL and
LDL 17 mg/dL.

Not presented

Note: To convert total cholesterol, LDL, HDL, VLDL, non HDL from mmol/L to mg/dL, multiply by 38.67.
Abbreviations: BMI, body mass index; ETI, elexacaftor/tezacaftor/ivacaftor; lva, ivacaftor; Lum/Iva, lumacaftor/ivacaftor.
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TABLE 4 Summary of published studies evaluating vitamin levels before and after modulator treatment.

References Number of participants
Burgel 2020°* 845
Gelzo et al.'” 20
Sommerburg et al.*¢ 41
Wright et al.*® 76
Baumberger et al.?’ 366
Kuffel et al.*° 15
9
Carnovale et al.?® 20
Proud et al.? 155
Hergenroeder et al.>? 54
Gaschignard et al.*® 34
Francalanci et al.?? 9
42
29
Schembri et al.?® 54
Present study 56
68

Modulator used Significant changes in vitamin levels

Lum/Iva No significant changes in vitamin levels
Lum/Iva Vitamin E increased
Lum/lva Vitamin A increased
Vitamin E decreased
ETI Vitamin D increased
ETI Comparative statistics not provided
ETI Vitamins A and D increased
Iva No significant changes in vitamin levels
ETI Vitamin A increased
ETI Vitamin A increased
ETI Vitamin E decreased
Lum/Iva Vitamin E increased
Iva Vitamin E increased
Lum/lva Vitamin A increased
ETI Vitamins A, D, and E increased
ETI Vitamin A increased
ETI Vitamin A increased

Vitamin D increased

Abbreviations: ETI, elexacaftor/tezacaftor/ivacaftor; Iva, ivacaftor; Lum/Iva, lumacaftor/ivacaftor.

and D levels.””*® Importantly, pancreatic insufficient subjects in our
study were treated with CF-specific vitamin products and doses were
only adjusted for deficiencies or elevated levels per clinical routines.

Our study has several limitations, most notably that not all data
was available for every subject and there was a variable duration of
modulator therapy. We chose to exclude data taken within 1 month
of ETl initiation to allow time for physiologic adjustment to the drug.
In addition, the COVID-19 pandemic interrupted care for many
people living with CF, complicating annual lab acquisition. Due to
limited subjects with pancreatic exocrine sufficiency, we did not
separately analyze pancreatic sufficient subjects. We did not report
inflammatory markers such as C reactive protein to evaluate
inflammatory status which are associated with low fat-soluble
vitamin levels. Vitamin dose changes were not recorded as part of
this study but would usually have occurred after the laboratory
evaluation in response to abnormally high or low values. Given the
retrospective nature, we could not evaluate various pertinent factors
such as body composition, pubertal status in adolescents, and
adherence to therapies which provide valuable insights into this
topic.

Despite these limitations, our study has the following strengths.
We included both adult and pediatric pwCF with the assessment of
lipids and vitamin levels before and after starting ETI. The study
population is well characterized, with important co-morbidities
identified. We chose to include both pediatric (over 12 years of

age) and adults with CF not only to increase the sample size, but also
to evaluate the differences in response to ETI in adolescents and
adults.

In conclusion, we evaluated 136 adult and adolescent PwCF
before and >1 month after initiation of the highly effective CFTR
modulator ETI and found increase in ppFEV1, BMI, serum HDL, non-
HDL, and LDL cholesterol, as well as increase in fat-soluble vitamins
A and D. Vitamin E levels did not increase in our study population.
This data adds to the existing literature supporting changes in
nutritional status in individuals with cystic fibrosis. Further prospec-
tive research is needed to understand the impact of highly effective
modulator therapy on risks associated with obesity, including
cardiovascular risk.
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