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Abstract

BACKGROUND

Hepatic steatosis is a common form of cystic fibrosis associated liver disease
(CFLD) seen in an estimated 15%-60% of patients with cystic fibrosis (CF). The
pathophysiology and health implications of hepatic steatosis in cystic fibrosis
remain largely unknown. In the general population, hepatic steatosis is strongly
associated with insulin resistance and type 2 diabetes. Cystic fibrosis related
diabetes (CFRD) impacts 40%-50% of CF adults and is characterized by both
insulin insufficiency and insulin resistance. We hypothesized that patients with
CFRD would have higher levels of hepatic steatosis than cystic fibrosis patients
without diabetes.

AIM
To determine whether CFRD is associated with hepatic steatosis and to explore
the impact of lumacaftor/ivacaftor therapy on hepatic steatosis in CF.

METHODS

Thirty patients with CF were recruited from a tertiary care medical center for this
cross-sectional study. Only pancreatic insufficient patients with CFRD or normal
glucose tolerance (NGT) were included. Patients with established CFLD, end
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stage lung disease, or persistently elevated liver enzymes were excluded. Mean
magnetic resonance imaging (MRI) proton density fat fraction (PDFF) was
obtained for all participants. Clinical characteristics [age, sex, body mass index,
percent predicted forced expiratory volume at 1 s (FEV1), lumacaftor/ivacaftor
use] and blood chemistries were assessed for possible association with hepatic
steatosis. Hepatic steatosis was defined as a mean MRI PDFF > 5%. Patients were
grouped by diabetes status (CFRD, NGT) and cystic fibrosis transmembrane
conductance regulator (CFTR) modulator use (lumacaftor/ivacaftor, no
lumacaftor/ivacaftor) to determine between group differences. Continuous
variables were analyzed with a Wilcoxon rank sum test and discrete variables
with a Chi square test or Fisher’s exact test.

RESULTS

Twenty subjects were included in the final analysis. The median age was 22.3
years (11.3-39.0) and median FEV1 was 77% (33%-105%). Twelve subjects had
CFRD and 8 had NGT. Nine subjects were receiving lumacaftor/ivacaftor. The
median PDFF was 3.0% (0.0%-21.0%). Six subjects (30%) had hepatic steatosis
defined as PDFF > 5%. Hepatic fat fraction was significantly lower in patients
receiving lumacaftor/ivacaftor (median, range) (2.0%, 0.0%-6.4%) than in patients
not receiving lumacaftor/ivacaftor (4.1%, 2.7-21.0%), P = 0.002. Though patients
with CFRD had lower PDFF (2.2%, 0.0%-14.5%) than patients with NGT (4.9%,
2.4-21.0%) this did not reach statistical significance, P = 0.06. No other clinical
characteristic was strongly associated with hepatic steatosis.

CONCLUSION

Use of the CFTR modulator lumacaftor/ivacaftor was associated with
significantly lower hepatic steatosis. No association between CFRD and hepatic
steatosis was found in this cohort.

Key words: Cystic fibrosis; Liver disease; Non-alcoholic fatty liver disease; Cystic fibrosis
transmembrane conductance regulator; Lumacaftor/ivacaftor; Cystic fibrosis

transmembrane conductance regulator modulator; Diabetes mellitus

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Hepatic steatosis is a common manifestation of liver disease in cystic fibrosis
(CF). It remains unknown whether hepatic steatosis contributes to the development of
cirrhosis in patients with CF. Lumacaftor/ivacaftor is a cystic fibrosis transmembrane
conductance regulator (CFTR) modulator drug targeting the defective chloride channel
that causes CF. In this cross-sectional study, CF patients receiving lumacaftor/ivacaftor
had significantly lower magnetic resonance imaging proton density fat fractions than CF
patients not receiving the CFTR modulator. CFTR modulator use should be included in
future studies of CF liver disease.

Citation: Kutney K, Donnola SB, Flask CA, Gubitosi-Klug R, O’Riordan M, McBennett K,
Sferra TJ, Kaminski B. Lumacaftor/ivacaftor therapy is associated with reduced hepatic
steatosis in cystic fibrosis patients. World J Hepatol 2019; 11(12): 761-772

URL: https://www.wjgnet.com/1948-5182/full/v11/i12/761.htm

DOI: https://dx.doi.org/10.4254/wjh.v11.i12.761

INTRODUCTION

The life expectancy for cystic fibrosis (CF) patients has improved dramatically over
the past several decades, and continued improvement is expected with the
widespread use of cystic fibrosis transmembrane conductance regulator (CFTR)
modulator therapies!'l. While pulmonary disease remains the leading cause of
mortality in CF, extra pulmonary complications such as cystic fibrosis related diabetes
(CFRD) and cystic fibrosis associated liver disease (CFLD) have emerged as important
sources of morbidity in this population*. As the life expectancy for CF patients
improves, determining the impact of CFTR modulator therapy on extra-pulmonary
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disease is of critical importance.

Hepatic manifestations of CF are broad, including: Neonatal cholestasis,
transaminase elevation, hepatic steatosis, focal biliary cirrhosis, multilobular cirrhosis
and portal hypertension®l. Cirrhosis with portal hypertension is the primary cause of
morbidity and mortality from CFLDI!. Debate regarding the optimal diagnostic
criteria for CFLD is ongoing!*“l. While older studies describe CFLD as a childhood-
onset disease, recent data demonstrates that adult-onset CFLD is relatively
common!®'*"1. Multilobular cirrhosis with portal hypertension is the end stage
manifestation of CFLD and is the third leading cause of death in CF patients!"*.

Perhaps the most common manifestation of CFLD is hepatic steatosis, with
prevalence estimates ranging from 15%-60%!"'>""l. Historically, hepatic steatosis in CF
patients was attributed to malnutrition and considered a benign finding that did not
increase risk for hepatic cirrhosis!"’l. Outside of CF, hepatic steatosis is strongly
associated with obesity and type 2 diabetes!'”l. Hepatic steatosis can progress to non-
alcoholic steatohepatitis and cirrhosis, which is now a common indication for liver
transplantation among the general population in the United States!'®l. Little is known
about the clinical implications of hepatic steatosis in CF and its relationship to other
forms of CFLDU'>'!%,

CFRD is another common extrapulmonary manifestation of CF, with a prevalence
of approximately 20% in adolescents and 40%-50% in adults!"”). CFRD is distinct from
type 1 diabetes, which is characterized by absolute insulin deficiency, and type 2
diabetes in which peripheral insulin resistance predominates. CFRD is primarily a
disease of insulin insufficiency, though insulin resistance occurs during illness and
with increasing agel”*!l. Patients with CFRD typically have lower body mass index
(BMI), reduced pulmonary function and higher mortality rates. These effects are at
least partially mitigated by insulin therapy™. The prevalence of CFRD is also higher
in CF patients with liver diseasel*.

Both CFRD and CFLD are almost exclusively seen in patients carrying two
pathogenic CFTR variants that severely limit the chloride channel function®**!. CFTR
variants are generally categorized into five (or six) groups according to the underlying
cause of channel malfunction. Class 1-3 variants result in little or no CFTR function
while class 4-6 variants are characterized by residual CFTR function®!. Individualized
CF therapy relies on understanding the functional defect causing CFTR
malfunction). CFTR modulator therapies are a revolutionary class of small molecules
targeting the underlying defect in CF™. Ivacaftor is a CFTR potentiator that increases
chloride conductance only if CFTR is present in the cell membranel®]. Lumacaftor and
tezacaftor are correctors which redirect misfolded CFTR protein to the cell surfacet ..
Lumacaftor/ivacaftor combination therapy was approved in 2015 for patients
carrying two copies of the F508del (p.Phe508del, c.1521_1523delCTT) pathogenic
variant.

While pulmonary effects of CFTR modulators have been meticulously examined,
the extrapulmonary effects are not well characterized 1. Two small studies
demonstrated improved insulin secretion after modulator therapy; while two other
studies failed to show improvement*-l. No studies have systematically examined the
impact of CFTR modulator therapy on hepatic steatosis or other liver disease in
patients with CF. Thus, we sought to determine the impact of CFRD on hepatic
steatosis in CF patients and explore other factors associated with elevated hepatic fat,
including CFTR modulator use.

MATERIALS AND METHODS

Patient characteristics

All studies were conducted according to the approved Institutional Review Board
protocols at University Hospitals Cleveland Medical Center between January 1 and
December 31, 2017. Thirty subjects with CF were recruited from the LeRoy W.
Matthews Cystic Fibrosis Center at University Hospitals Cleveland Medical Center/
Rainbow Babies and Children’s Hospital in Cleveland, OH, United States (Table 1 and
(Supplemental Table 1). Eligible subjects were identified using the local CF database
and were approached for study involvement during routine clinic visits or during
hospitalization for a CF pulmonary exacerbation. All subjects were diagnosed with
cystic fibrosis based on sweat chloride and genetic testing according to established
guidelines. Electronic medical records were reviewed to confirm eligibility.
Inclusion criteria were age 10-40 years, pancreatic insufficiency and either normal
glucose tolerance (NGT) or CFRD!™.. Pancreatic insufficiency was defined by a clinical
need for pancreatic enzyme replacement. No fecal elastase testing was performed as
part of this study. Subjects with established CFLD, persistent transaminase elevation
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for greater than one year, low baseline lung function (i.e., FEV, <30% predicted) or an
ongoing pulmonary exacerbation were excluded. Only subjects with two copies of a
class 1-3 pathogenic CFTR variant were included in the final analysis. CFTR variants
were classified into classes 1-5 using the CFTR 2 database and existing guidelines for
functional classification!*"*!l. Subjects with contraindications to MRI scanning (i.e.,
metal implants, pregnancy) were also excluded. Informed consent was obtained in
person prior to commencing study activities.

Clinical and laboratory evaluation

Clinical characteristics including BMI, percent predicted FEV1, diabetes status, insulin
use and CFTR modulator use were collected from the electronic medical record.
Fasting blood chemistries including lipids, hepatic function tests and hemoglobin
A1C were assessed during a period of baseline health in ambulatory subjects or after
completing treatment for a pulmonary exacerbation in hospitalized subjects. An oral
glucose tolerance test (OGTT) was performed in NGT subjects who had not had an
OGTT in the past six months. Glucose tolerance testing was performed according to
standard guidelines. After an eight hour fast, subjects ingested 1.75 g/kg (maximum
75 g) of glucose dissolved in water. Plasma glucose was evaluated at baseline and 2 h
post glucose ingestion™. Subjects whose study OGTT demonstrated impaired fasting
glucose or impaired glucose tolerance as defined by standard criteria were
excluded®.

All serum chemistries were collected from peripheral venous samples according to
standard techniquel*!. Glucose, triglycerides, high density lipoprotein (HDL), low
density lipoprotein (LDL), aspartate transaminase (AST), alanine transaminase (ALT),
gamma-glutamyltransferase (GGT), alkaline phosphatase, and total bilirubin were
analyzed using a Beckman AU 5800® analyzer. Hemoglobin A1C was analyzed using
a BioRad-D-100® analyzer (University Hospitals Core Lab, Cleveland, OH, United
States).

Hepatic fat fraction measurement

Proton density fat fraction (PDFF) was measured on a Siemens Skyra 3T magnetic
resonance imaging (MRI) in the Imaging Research Core at Case Western Reserve
University. Briefly, each subject was positioned supine within the MRI scanner. Spine
and body array coils were used to obtain uniform images over the entire liver. A
single-breathhold VIBE MRI acquisition was used to obtain axial liver PDFF maps for
each subject (spatial resolution = 2 mm x 2 mm x 5 mm, 6 echoes). This MRI method
also incorporates T2* correction to limit the effects of iron deposition and hepatic
fibrosist*l. All images were exported for offline analysis in Matlab (The Mathworks,
Natick, MA, United States). Mean liver PDFF was determined for the central 6-8
imaging slices in each subject using a region of interest (ROI) analysis. The mean liver
PDFF in each slice was then averaged over all slices to calculate the overall mean liver
PDFF for each subject.

Data and statistical considerations

For this study, we considered a PDFF > 5% to be consistent with clinical hepatic
steatosis*’l. We grouped subjects by the presence of hepatic steatosis > 5%, diabetes
status, and CFTR modulator use to evaluate for significant associations. BMI
percentiles were calculated for all subjects to account for age-related variation in BMI.
Alkaline phosphatase measurements were standardized by subtracting the age and
sex specific mean and dividing by the respective standard deviation. The resulting
values were in units of standard deviation. Continuous variables were described with
medians and ranges and nominal variables with frequencies and percent. Continuous
variables were analyzed with a Wilcoxon rank sum test and nominal variables were
analyzed using Chi square test or Fisher’s exact test. Statistical analysis was
performed using SAS software version 9.4 (SAS Institute, Cary, NC, United States).
The level of significance was set at 0.05. The statistical analyses were performed by
MaryAnn O’Riordan PhD, biomedical statistician.

RESULTS

Participant characteristics

We recruited 30 participants of whom 20 completed the study (Figure 1). Exclusions
related to progression to impaired glucose tolerance on OGTT (n = 3), inability to
perform breath hold for MRI (n = 2), failure to schedule or complete the MRI (1 = 4)
and presence of a class 4 CFTR pathogenic variant (n = 1). Participant characteristics
are summarized in Table 1. The study population was primarily Caucasian, which is
consistent with the demographic of the CF population overall. Eighty percent of the
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Table 1 Demographics for all subjects and stratified by modulator (lumacaftor/ivacaftor) use

All subjects (n = 20) CFTR modulator (n =9) No CFTR modulator (n = 11) P value

Age at MRI (yr) 22.3 (11.3-39.0) 26.4 (16.3-39.0) 21.9 (11.3-36.1) 0.29
Genotype

F508del/F508del 10 9 1 <0.01
F508del/ other 9 0 9 <0.01
Other/other 1 0 1 <0.01
Male sex 16 (80%) 7 (78%) 9 (82%) 1.00
BMI percentile 39 (2-96) 51 (3-77) 23 (2-96) 0.21
% predicted FEV1 77 (33-105) 73 (33-89) 77 (48-105) 0.24
CFRD 12 (60%) 7 (78%) 5 (45%) 0.20
Insulin therapy 10 (50%) 6 (67%) 4 (36%) 0.37

Data presented as median (range) or frequency (percent) as appropriate. BMI (percentile): body mass index percentile adjusted for age; FEV1: forced
expiratory volume at 1 s; CFRD: cystic fibrosis related diabetes.

study subjects were male. Median subject age at the time of MRI was 22.3 years with a
range from 11.3 to 39.0 years. All participants had two severe class 1-3 CFTR
pathogenic variants. Twelve subjects (60%) had CFRD and 8 subjects (40%) had NGT.
Ten CFRD subjects (83%) were prescribed insulin therapy. Nine subjects (45%) had
received the CFTR modulator lumacaftor/ivacaftor (Orkambi®) for more than 12 mo
at the time of MRI. No subject received lumacaftor/ivacaftor for fewer than 12 mo.

Hepatic steatosis

The median hepatic fat fraction for all subjects was 3.0% with a range from 0.0%-
21.0%. Six subjects (30%) had hepatic steatosis, defined as PDFF > 5%. Subjects with
hepatic steatosis showed a trend toward younger age that did not reach statistical
significance. Alkaline phosphatase and age-adjusted alkaline phosphatase (z-score)
were higher in subjects with hepatic steatosis, P = 0.01 and P = 0.03. LDL and HDL
were both higher in patients with hepatic steatosis, P = 0.05 and P = 0.02. Total
bilirubin, AST, ALT and GGT did not differ significantly between subjects with and
without hepatic steatosis (Table 2). Missing data for alkaline phosphatase, AST, ALT,
total bilirubin (1 missing), LDL, HDL, triglyceride (4 missing), and GGT (3 missing)
were excluded from all analyses.

CFTR modulator

Hepatic fat fraction was significantly lower in the 9 subjects receiving CFTR
modulator therapy (2.0%, 0.0%-6.4%) than in the 11 subjects not receiving CFTR
modulators (4.1%, 2.7%-21.0%), P = 0.002 (Figure 2). Two CFRD subjects receiving
CFTR modulators had exceptionally low hepatic fat fractions of 0.0%. Subjects
receiving CFTR modulator therapy were not significantly different in terms of age,
BMI percentile or diabetes status from subjects not receiving modulators. Absolute
BMI was higher in the CFTR modulator group, which likely reflects expected age-
related change in BMI, P = 0.05 (Table 3).

CFTR modulator use was associated with lower total bilirubin than no CFTR
modulator use, P = 0.003. Alkaline phosphatase levels were also lower in the CFTR
modulator group, but this difference may relate to younger age in the no CFTR
modulator group, P = 0.01. Although age-adjusted alkaline phosphatase (z scores)
were numerically lower in the CFTR modulator group than the no CFTR modulator
group, this did not reach statistical significance, P = 0.07 (Table 3).

Diabetes
The median hepatic fat fraction was not statistically different between subjects with
CFRD (medjian, range) (2.2%, 0.0-14.5%) and NGT (4.9%, 2.4-21.0%), P = 0.06. Subjects
with CFRD were older (28.2 years, 17.0-39.0) than NGT subjects (18.0 years, 11.3-30.6),
P =0.04. As expected, the older CFRD cohort demonstrated a higher BMI, P = 0.05,
but not BMI percentile, than NGT subjects. Patients with CFRD demonstrated lower
percent predicted FEV1, which is known to be associated with CFRD, P = 0.001.
Subjects with CFRD also demonstrated higher hemoglobin A1C levels, P = 0.002.
Alkaline Phosphatase was lower in the CFRD group compared to the NGT group, P =
0.04; however, age adjusted alkaline phosphatase (z-score) was not different between
groups (Table 2).

Importantly, CFTR modulator use was more common among patients with CFRD
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n=12

CF related diabetes

Modulator
n=7

Subjects consented
n =30

Impaired glucose tolerance
n=3

Unable to complete MRI
n=2

Fail to complete MRI
n=4

Mild CFTR variant
n=1

Subjects analyzed
n =20

No modulator
n=5

Normal glucose tolerance
n=8

Modulator No modulator
n=2 n==6

Figure 1 Consort diagram. Consort diagram for the study. Modulator refers to lumacaftor/ivacaftor use. CF: Cystic fibrosis, MRI: Magnetic resonance imaging;
CFTR: Cystic fibrosis transmembrane conductance regulator.

(7 of 12, 58%) than patients with NGT (2 of 8, 22%). Because we demonstrated that
CFTR modulator use is associated with lower hepatic fat, we repeated the fat fraction
analysis by diabetes status after excluding subjects receiving CFTR modulator
therapy. The median hepatic fat fraction for the 5 CFRD subjects not receiving CFTR
modulator was 4.1% (range 2.8%-14.5%) and for the 6 NGT subject not receiving
CFTR modulators was 4.9% (range 2.7%-21.0%), which were not significantly
different, P = 0.92.

DISCUSSION

In this cross-sectional study of 20 CF patients aged 11-39 years with either NGT or
CFRD, we demonstrate a statistically significant association between use of the CFTR
modulator lumacaftor/ivacaftor and reduced hepatic fat. CFTR modulator use was
also associated with lower total bilirubin and a trend toward lower age-adjusted
alkaline phosphatase levels (z-score). Interestingly, CFRD patients on
lumacaftor/ivacaftor demonstrated particularly low hepatic fat fractions (0.0% in two
cases), suggesting a particular sensitivity to modulator effects in patients with CFRD
(Supplemental Table 1). CFRD was not found to be associated with increased hepatic
steatosis as was originally hypothesized. In contrast, patients with CFRD showed a
trend toward lower PDFF, which most likely reflects higher rates of CFTR modulator
use in the CFRD group. Given the small number of subjects not receiving
lumacaftor/ivacaftor, we cannot exclude a relationship between CFRD and hepatic
steatosis in CF based on this study.

The multifactorial pathogenesis of hepatic steatosis has not been fully elucidated.
While strongly associated with obesity and insulin resistance in the general
population, hepatic steatosis has historically been attributed to nutritional deficiencies
in CF patients. In 1999, Lindblad reported an association between hepatic steatosis
and linoleic acid deficiency in a cohort of 41 CF patients!'’. Others have proposed that
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Table 2 Summary of data stratified by presence of steatosis, use of modulator (lumacaftor/ivacaftor), and diabetes status

Normal Al . Steatosis No . CFTR No CFTR CFRD (n= NGT (n=
Range subjects (n=6) Steatosis Pvalue  modulator modulator P value 12) 8) P value

(n=20) (n=14) (n=9) (n=11)

Hepatic - 3.0 95 24 0.01 20 41 0.002 22 49 0.06

i:etion 00-21.0 60210 041 0.0-6.4 2.7-21 0.0-145 2421

Age = 223 16.7 26.0 0.08 26.4 21.9 0.29 282 18.0 0.04
113-39.0 134361  11.3-39.0 163-39.0  11.3-36.1 17.0-39.0  11.3-30.6

Sex (male) — 16 5 11 1.00 7 9 1.00 8 8 0.12
80% 83% 78% 78% 82% 67% 100%

BMI = 21.0 205 21.0 0.6 224188- 200169- 0.05 21.0188- 19.6169- 0.05
169324 169324 188257 e e SaL s

BMI = 39 50 30 0.77 51 23 021 39 375 0.62

sl 2-96 2-96 3-77 3-77 2-96 3-96 2-73

FEV1 % - 77 86 745 022 73 77 0.24 635 88 0.001
33-105 62-105 33-97 33-89 48-105 33-105 65-97

CFTR = 9 1 8 0.16 9 11 = 7 2 0.20

Z‘;’dula' 45% 17% 57% 100% 100% 58% 25%

Hemog- <58 5.8 57 63 030 6.3 57 021 64 5.6 0.002

t‘;}b)i“ 1E 52-8.2 54-6.4 52-8.2 53-8.2 52-74 54-82 5257

AST 9-39 23 27 23 0.93 20 27 0.39 20 2 0.87

=) 11-45 11-45 11-42 11-42 11-45 11-42 11-45

ALT 10-52 22 245 22 057 18 29 0.19 18 2 0.46

(/L) 10-58 12-58 10-45 10-45 12-58 10-58 14-47

GGT 5-64 14 19 135 0.10 12 19 0.07 135 19 0.30

(/L) 9-29 14-25 9-29 9-24 10-29 9-29 11-24

Alk Phos  33-120 110 172 90 0.01 66 155 0.01 90 157 0.04

(L) 44-310 146-310  44-234 44-178 103-310 44-178 71-310

Alk Phos 22 12 31 03 0.03 03 1.8 0.07 0.6 14 0.65

=2 -1.5-4.8 0.6-4.8 -1.5-4.7 1547 0648 -1.5-4.8 0.6-3.2

Total Bili 0-20.5 6.8 85 51 047 51 8.6 0.003 5.1 86 0.06

(e 34205 34154 34205 3468 3.4-205 34-188  51-205

Triglyce- <1.7 1.02 1.25 0.68 0.07 0.9 1.25 0.79 0.68 1.28 0.15

il 036255  0.69-255  0.36-1.54 0.64-255  0.36-2.35 0.64-235  0.36-2.55

(mmol/L)

LDL <34 17 14 17 0.05 1.6 17 053 17 16 0.71

(a1 0.8-2.4 0.9-1.6 0.8-2.4 0.8-22 0.9-2.4 0.9-2.4 0.8-2.0

HDL >1.0 1.03 0.84 1.09 0.02 1.04 0.98 031 1.01 1.05 0.73

(mmol/T) 053203 053-141  0.91-2.03 0.86-2.03  0.53-1.54 053203  0.84-153

Data is stratified by steatosis (MRI proton density fat fraction >5%) or no steatosis (MRI proton density fat fraction <5%), use of CFTR modulator
lumacaftor/ivacaftor, and diabetes status. Data are presented as median and range. To convert total bilirubin from pmol/L to mg/dL multiply by
0.0585.To convert triglycerides from mmol/L to mg/dL multiply by 88.5. To convert LDL from mmol/L to mg/dL multiply by 38.7. To convert HDL from
mmol/L to mg/dL multiply by 38.7. CFRD: cystic fibrosis related diabetes. NGT: normal glucose tolerance; AST: Aspartate transaminase; ALT: Alanine
transaminase; GGT: Gamma-glutamyltransferase; LDL: Low density lipoprotein; HDL: High density lipoprotein; BMI: Body mass index.

carnitine and choline deficiency cause hepatic steatosis in CF*’l. In contrast, more
recent data suggests that hepatic steatosis in CF is associated with higher BMI and
better lung function!"”l. Importantly, one case report suggests that CFTR dysfunction
may be responsible for hepatic steatosis in CF. Hayes et alt""! reported rapid resolution
of severe hepatic steatosis in a 17 year old female (F508del/G511D genotype) after
initiation of ivacaftor therapy. Our results further support a role for CFTR dysfunction
in the pathogenesis of hepatic steatosis in CF.

We have considered possible explanations for our findings. As CFTR is not
expressed in hepatocytes, improvements in hepatic steatosis with CFTR modulators
must be mediated by CFTR expression in other tissues!*’l. In CF, biliary stasis and
impaired enterocyte function contribute to persistent fat malabsorption, even with
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Figure 2 Hepatic steatosis (proton density fat fraction) stratified by lumacaftor/ivacaftor use. Subjects receiving cystic fibrosis transmembrane conductance
regulator (CFTR) modulator (lumacaftor/ivacaftor) had a median proton density fat fraction of 2.1%. Subjects not receiving CFTR modulator had a median proton
density fat fraction of 4.1%. Each dot represents one subject. Horizontal lines indicate the minimum, median and maximum for each group. P = 0.002. CFTR: Cystic

fibrosis transmembrane conductance regulator.

adequate pancreatic enzyme replacement!””"l. Chronic fat malabsorption can lead to
deficiencies in fat soluble nutrients including linoleic acid and choline-which have
previously been associated with hepatic steatosis!”. Therefore, we theorize that CFTR
modulator therapy may lead to resolution of hepatic steatosis by reversing nutritional
deficiencies. Further mechanistic studies are needed to test this theory.

It is also possible that lumacaftor/ivacaftor therapy reduces hepatic steatosis
through an off target, non-CFTR mediated, mechanism. Additionally, the extremely
low hepatic fat seen in subjects receiving lumacaftor/ivacaftor may be secondary to
the F508del/F508del genotype itself, rather than the modulator. Although the single
F508del /F508del homozygous subject not on lumacaftor/ivacaftor had significant
hepatic steatosis, a single observation cannot exclude a genotype effect. Ultimately,
longitudinal study is needed to demonstrate that CFTR modulator therapy causes
reduced hepatic steatosis and elucidate the mechanism behind this observation.

Prior studies of hepatic steatosis in CF patients have compared varied, qualitative
measures of hepatic fat!'"'"l. Ours is the first study to utilize a single, precise,
quantitative measure of hepatic fat, the MRI PDFF. Other strengths of our study
include the collection of detailed biochemical and clinical information. We
acknowledge important limitations. As this study utilized a cross sectional design, we
can only demonstrate an association between lumacaftor/ivacaftor therapy and
reduced hepatic fat. Moreover, we are unable to exclude the possibility that the
F508del/F508del genotype, rather than CFTR modulator use, is associated with
reduced hepatic steatosis. Prospective, longitudinal study of modulator therapy in
patients expressing different pathogenic CFTR variants will help clarify this question.
The relatively small sample size limited our power to detect differences in hepatic fat
between CFRD and NGT subjects. This study does not eliminate a possible association
between CFRD and hepatic steatosis in CF. Further longitudinal study is needed to
understand how hepatic steatosis influences insulin sensitivity and risk for
progression to CFRD.

In conclusion, we found no evidence that CFRD is associated with increased
hepatic steatosis. We provide strong preliminary data suggesting that
lumacaftor/ivacaftor is associated with reduced hepatic steatosis in CF patients. This
finding raises many questions about the impact of CFTR modulator therapy on
nutrient absorption and on the mechanisms of hepatic steatosis in CF patients. Our
study raises the possibility that CFTR modulator therapy may impact other forms of
CFLD and adds to the small but growing literature on the extrapulmonary impact of
CFTR modulator therapy. CFTR modulator status should be included in future
studies of hepatic steatosis or CFLD.
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Table 3 Magnetic resonance imaging proton density fat fraction and biochemistry for all subjects and stratified by modulator

(lumacaftor/ivacaftor) status

Reference range  All subjects, n=20  CFTR modulator,n=9  No CFTR modulator, n = 11 P value

PDFF (%) <5%
HbA1C (%) <5.8%
Alk Phos (U/L) '

Alk Phos (SD) 2.0-2.0
Total bilirubin (umol/L)>  0-20.5
AST (U/L) 9-39
ALT (U/L) 10-52
GGT (U/L) 5-64

Triglyceride (mmol/L)’ <17

3.0 (0.0-21.0) 2.0 (0.0-6.4) 41 (2.7-21.0) 0.002
5.8 (5.2-82) 63 (5.3-8.2) 5.7 (5.2-7.4) 021
110 (44-310) 66 (44-178) 155 (103-310) 0.01
1.2 (-1.5-4.8) 03 (-15-4.7) 1.8 (-0.6-4.8) 0.07
6.8 (3.4-20.5) 51 (34-6.8) 8.6 (3.4-20.5) 0.003
23 (11-45) 20 (11-42) 27 (11-45) 039
22 (10-58) 18 (10-45) 29 (12-58) 019
14 (9-29) 12 (9-24) 19 (10-29) 0.07
1.02 (0.36-2.55) 0.9 (0.64-2.55) 1.25 (0.36-2.35) 0.79

IReference range is age dependent;

2To convert from pmol/L to mg/dL multiply by 0.0585;

3To convert to mg/dL multiply by 88.5. Results of magnetic resonance imaging proton density fat fraction and key laboratory parameters for all subjects
and stratified by cystic fibrosis transmembrane conductance regulator modulator (lumacaftor/ivacaftor) use. Data presented as median (range) or number
(percent) as appropriate. CFTR: Cystic fibrosis transmembrane conductance regulator; PDFF: Proton density fat fraction; AST: Aspartate transaminase;
ALT: Alanine transaminase; GGT: Gamma-glutamyltransferase.

ARTICLE HIGHLIGHTS

Research background
Hepatic steatosis is a common form of cystic fibrosis associated liver disease (CFLD). The journal
has published previous manuscripts regarding CFLD.

Research motivation

Cystic fibrosis (CF) transmembrane conductance regulator (CFTR) modulators are a
revolutionary therapy which target the underlying cause of CF for the first time. Currently, very
little is known about the impact of CFTR modulator therapy on hepatic disease in CF, despite
liver failure being the third leading cause of death in CF patients.

Research objectives
The objectives of this study were therefore to determine whether CF related diabetes (CFRD) is
associated with hepatic steatosis and to identify predictors of hepatic steatosis in CF.

Research methods

Patients with established CFLD, end stage lung disease, or persistently elevated liver enzymes
were excluded. Mean magnetic resonance imaging (MRI) proton density fat fraction (PDFF) was
obtained for all participants. Clinical characteristics and blood chemistries were assessed for
possible association with hepatic steatosis. Hepatic steatosis was defined as a mean MRI PDFF >
5%. Patients were grouped by diabetes status and CFTR modulator use (lumacaftor/ivacaftor, no
lumacaftor/ivacaftor) to determine between group differences. Continuous variables were
analyzed with a Wilcoxon rank sum test and discrete variables with a Chi square test or Fisher’s
exact test.

Research results

Twelve subjects (60%) had CFRD and 8 subjects (40%) had normal glucose tolerance (NGT). The
median hepatic fat fraction for all subjects was 3.0% with a range from 0.0%-21.0%. Six subjects
(30%) had hepatic steatosis, defined as PDFF > 5%. Hepatic fat fraction was significantly lower in
the 9 subjects receiving CFTR modulator therapy (2.0%, 0.0%-6.4%) than in the 11 subjects not
receiving CFTR modulators (4.1%, 2.7%-21.0%), P = 0.002. The median hepatic fat fraction was
not statistically different between subjects with CFRD (median, range) (2.2%, 0.0-14.5%) and
NGT (4.9%, 2.4-21.0%), P = 0.06.

Research conclusions

In the enclosed manuscript, we demonstrate that lumacaftor/ivacaftor therapy is associated with
reduced hepatic fat in CF patients. While hepatic steatosis has historically been considered a
benign finding in CF, the spreading epidemic of liver failure from non-alcoholic steatohepatitis
makes this doubtful.

Research perspectives
It suggests a previously unrecognized effect of CFTR modulators of CFLD. CFTR modulator
status should be included in future studies of hepatic steatosis or CFLD.
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