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Cystic fibrosis (CF) is a recessive disorder arising frommu-
tations in the gene encoding the cystic fibrosis transmem-
brane conductance regulator (CFTR) protein. CFTR is
expressed in numerous tissues, with high expression in the
airways, small and large intestine, pancreatic and hepato-
biliary ducts, and male reproductive tract. CFTR loss in
these tissues disrupts regulation of salt, bicarbonate, and
water balance across their epithelia, resulting in a systemic
disorder with progressive organ dysfunction and damage.
Pancreatic exocrine damage ultimately manifests as
pancreatic exocrine insufficiency that begins as early
as infancy. Pancreatic remodeling accompanies this
early damage, during which abnormal glucose tolerance
can be observed in toddlers. With increasing age, however,
insulin secretion defects progress such that CF-related

diabetes (CFRD) occurs in 20% of teens and up to half of
adults with CF. The relevance of CFRD is highlighted by its
associationwith increasedmorbidity, mortality, and patient
burden. While clinical research on CFRD has greatly assis-
ted in the care of individuals with CFRD, key knowledge
gaps on CFRD pathogenesis remain. Furthermore, the
wide use of CFTR modulators to restore CFTR activity is
changing the CFRD clinical landscape and the field’s un-
derstanding of CFRD pathogenesis. For these reasons, the
National Institute of Diabetes and Digestive and Kidney
Diseases and the Cystic Fibrosis Foundation sponsored a
CFRD Scientific Workshop, 23–25 June 2021, to define
knowledge gaps and needed research areas. This article
describes the findings from this workshop and plots a path
for CFRD research that is needed over the next decade.
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Cystic fibrosis (CF) is a multisystem condition arising from
recessive mutations in the gene encoding the cystic fibrosis
transmembrane conductance regulator (CFTR) channel. This
protein is expressed in numerous tissues, with high expres-
sion in epithelia of the airways, small and large intestine,
pancreatic and hepatobiliary ducts, and the male reproduc-
tive tract. Loss of CFTR in these tissues disrupts salt, bicar-
bonate, and water movement across epithelia, resulting in
progressive organ dysfunction and damage. The lungs are a
particularly vulnerable site, and CF largely manifests with re-
current infections and progressively worsening lung function
that leads to early death or requires lung transplant. Malnu-
trition, liver disease, and pancreatic exocrine insufficiency
(PI) also feature in CF. CF-related diabetes (CFRD) is com-
mon, occurring in 20% of teens and up to half of adults
with CF (1), largely arises from insulin insufficiency (2,3),
and has been associated with worse lung function and in-
creased mortality (1,4–6).

Despite several decades of research describing the clinical
manifestations of CFRD, a firm understanding of the under-
lying pathophysiology remains elusive, in part due to a long-
standing absence of model systems for study that faithfully
recapitulate the human disease phenotype. With the recent
advent of novel animal models of CF that demonstrate un-
provoked glucose intolerance/diabetes, new insights from hu-
man-derived pathology specimens with specialized tools and
reagents, and organ-on-chip technologies, the research com-
munity is poised to examine the chain of events in CFRD
pathogenesis with unprecedented granularity. Furthermore,
CF care is currently undergoing a major transformation, with
the availability of CFTR modulator therapies for many (but
not all) in the CF community. These modulator therapies
partially restore CFTR function. The most active of these
modulators (considered highly effective modulator therapies,
or HEMT) result in dramatic improvements in pulmonary
function, CF symptoms, disease stability, and nutritional sta-
tus (7–17), the last of which has been complicated by the
emergence of overweight and obesity in some people with
CF (18). Further details regarding the variety of CFTR muta-
tions and HEMT are presented in the Genetic Risk Factors
section. The impacts of HEMT on endocrine manifestations
of CF, however, remain largely unknown.

The National Institute of Diabetes and Digestive and
Kidney Diseases and the Cystic Fibrosis Foundation spon-
sored a CFRD Scientific Workshop, 23–25 June 2021, with
the goal of sharing basic and clinical research data that
highlight our understanding of CFRD disease mechanisms
and treatment and identify key research questions and
knowledge gaps that can be used to inform research priori-
ties. A wide range of topics was covered during this 3-day
workshop, including mechanisms of disease, localization of
CFTR in the pancreas, the interaction between the exocrine
and endocrine pancreas, prevention and treatment of CFRD,
and the effect of CFTR modulator therapy on glucose and in-
sulin homeostasis. The following sections provide a summary
of the scientific presentations and discussion, updated with

interim discoveries where appropriate, that highlights research
priorities as well as perspectives from a person with CF who
lives with CFRD and a parent of a person with CF, sharing
their lived experiences and priorities for CFRD research.

GENETIC RISK FACTORS

Over 2,000 distinct CFTR variants have been identified—
many playing a disease-causing role in CF and others of un-
known consequence (19). These variants result in a spec-
trum of functional CFTR impairments. CF disease severity
correlates with the degree of functional CFTR impairment
(20). In many populations, the most common variants
cause complete or near-complete loss of CFTR function, re-
sulting in the classic manifestations of CF, including lung
disease and PI. In contrast, some of the disease-causing var-
iants produce a CFTR protein with a small amount of residual
function, resulting in somewhatmilder CF disease and pancre-
atic exocrine sufficiency. HEMT involves small-molecule phar-
maceuticals that restore CFTR protein function, for example,
by improving CFTR protein folding or channel function. The
specificHEMTagents usedmust bematched to theCFTR vari-
ant present in each patient. In some cases, multiple com-
pounds are needed to sufficiently restore CFTR function.
Currently employed HEMT include ivacaftor (single-drug ex-
ample) and elexacftor-tezacaftor-ivacaftor (triple-combination
example). F508del is the most common CF-causing allele in
people of Northern European descent and is a “severe” variant
that causes both CFTR misfolding and impaired channel
function, with triple-combination therapy being required to
restore function. G551D is another severe CFTR variant, im-
pairing channel function in a manner that can be robustly
restored with ivacaftor alone. HEMT are, of course, not ef-
fective for persons with two CFTR null alleles, and HEMT
have yet to be identified for various other CFTR variants.
Readers interested in further details are referred to recent
reviews on CFTR variants andHEMT (19,21).

The risk of CFRD depends in part on the degree of re-
sidual CFTR function produced by a person’s two CFTR
variants (i.e., the CFTR genotype). In general, genotypes
that cause severe CFTR dysfunction and PI confer a high
risk of developing diabetes over time (6,22). Milder CFTR
genotypes associated with pancreatic exocrine sufficiency
exhibit lower risk of CFRD (6,22). A survivor bias in the
CFRD prevalence statistics should be acknowledged, as peo-
ple with severe CFTR genotypes historically tended to have
earlier mortality. Individuals with severe CFTR genotypes,
such as F508del homozygotes, historically have had a risk
of developing diabetes exceeding 80% by age 50 years (4)
and approaching 100% by age 60 years.

Even though people with severe CFTR genotypes have a
very high lifetime risk of CFRD, the age of onset of CFRD
remains highly variable, ranging from younger than 10 years
to greater than 60 years, even in people with identical CFTR
genotypes (6,22). The genetic contribution to this diversity
in CFRD risk is determined largely by genetic variations out-
side the CFTR locus—so-called genetic modifiers. Genetic
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association studies, using both candidate gene and genome-
wide approaches, have identified a number of genetic modi-
fiers of CFRD risk (23). Some genetic modifiers of CFRD
risk appear to also be associated with other aspects of CF
disease (e.g., variants at SLC26A9, encoding an epithelial
chloride channel, and PRSS1, encoding cationic trypsinogen)
(24,25). These variants can provide insight into pathogenesis
of CFRD and other aspects of CF disease and could lead to
studies of novel therapies for CF. Other CFRD modifiers ap-
pear to affect the risk of CFRD but do not directly affect
other aspects of CF (e.g., variants at TCF7L2, a risk variant
for type 2 diabetes) (26). Modifier variants associated with
CFRD overlap with variants that affect risk of type 2 diabe-
tes and other glucose metabolic abnormalities in the general
population (26). The biology that underlies this association
is not clear but may represent b-cell susceptibility to stress-
ful conditions. In contrast, risk alleles for type 1 diabetes
have not shown strong evidence of association with CFRD
risk (26,27).

Understanding the relationship between CFTR genotype
and CFRD risk may provide insight into CFRD pathogene-
sis and could help inform possible outcomes in individuals
whose CFTR is partially rescued by CFTR modulator medi-
cations. Understanding and identifying genetic modifiers
of CFRD can aid in elucidating the mechanisms of CFRD
pathogenesis and how CFRD relates to other complications
of CF. Genetic modifiers might also be used to help predict
risk of CFRD or related outcomes. Genetic modifiers may
themselves provide novel CFTR-independent targets for
new therapies, which might be of utility in people unable
to benefit from CFTR modulator treatments.

Provocatively, genetic variations in the CFTR locus that
do not cause CF, either by carrier status (heterozygosity)
or nature of the mutation, have shown epidemiological or
mechanistic association with type 1 diabetes (27,28).

Priority research opportunities to address knowledge
gaps include the following:

• Expand knowledge on the genetic heterogeneity and diver-
sity of CFTR variants and their relationship to CFRD risk.

• Obtain deeper understanding of those genes other than
CFTR that modify risk of CFRD to further understand-
ing of the pathophysiology of CFRD.

• Leverage in vitro cell and in vivo animal models to under-
stand the insulin secretion defects that underlie clinical
phenotypes of abnormal glucose tolerance.

• Determine if or how genetic information aids in risk
stratification of CFRD and related outcomes.

• Evaluate if or how CFTR variant carriers are at in-
creased risk of type 1 or type 2 diabetes.

RESEARCH PRIORITIES FOR UNDERSTANDING
BIOLOGICAL UNDERPINNINGS OF CFRD

Several decades of human clinical investigation have consis-
tently established that diminished insulin secretion is the
dominant cause of CFRD (2,3). Insulin secretion is impaired

even in CF subjects without diabetes, in whom diminished
first/early-phase insulin secretion is chiefly affected (29). A
degree of insulin resistance, especially hepatic insulin resis-
tance, has been demonstrated by euglycemic hyperinsuline-
mic clamps (30), but this insulin resistance does not appear
to be a major or essential feature in CFRD. Speculation has
arisen that HEMT will alter the broad pathologic features of
CFRD (31).

The presence of CFRD is tightly linked to PI (32). CF
exocrine pancreatic disease is characterized by a near-total
loss of acinar cells, ductal dilation, fibrosis, and fatty re-
placement. Histopathologic studies of human cadaveric CF
pancreas suggest that the endocrine component is rela-
tively spared compared with the extensive exocrine tissue
loss, partial loss of b-cell mass, altered islet composition
(increased non–b-cells), islet remodeling, and expression of
inflammatory molecules are all evident (33–37). Emerging
areas of research include studies that investigate perturba-
tions of nonendocrine pancreatic cells, such as vascular
cells, neural elements, and leukocytes.

Factors external to the pancreas may also impair b-cell
function in CF. For example, incretin secretion and incretin
responses are impaired in PI CF (38–40). How each of these
components might be affected by HEMT is an important un-
answered question. Another area of biological inquiry is the
cellular localization of CFTR in the pancreas. CFTR is pre-
dominantly expressed in the epithelial cells of the small
ducts. Studies using several approaches, including single-cell
RNA sequencing and carefully validated CFTR protein stain-
ing, show that only a minority of b-cells (�3%) express any
CFTR message, all at low abundance, with <1% demonstrat-
ing CFTR protein staining (33,41,42). Likewise, CFTR mRNA
expression is absent or minimal in all endocrine cell types of
the islet (33,42). However, others have suggested that as
much as 30% of b-cells express small amounts of CFTR tran-
script and protein (43). Functional studies evaluating CFTR-
mediated current in b-cells and islet insulin secretion in
response to a CFTR channel blocker (CFTR-inh172) have pro-
duced contradictory findings in favor (43,44) and against
(33) a functional role for CFTR in b-cells. Whether important
b-cell–intrinsic CFTR actions arise from a subpopulation of
b-cells and/or from communication with neighboring ductal
cells is the subject of ongoing debate.

Understanding the biology underlying CFRD may not
only help identify targeted treatments and preventative
strategies but also yield important knowledge regarding
endocrine–exocrine interactions in the pancreas relevant
to other forms of diabetes.

Priority research opportunities to address knowledge
gaps include the following:

• Determine how CF exocrine pancreatic disease impairs
islet function, including understanding of the relative
roles of local factors, such as altered islet vasculature,
innervation, inflammation, islet remodeling, and redox
imbalance.
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• Characterize how altered incretin secretion and incre-
tin responsiveness affect CFRD development.

• Determine the CFTR-expressing cell types essential to
maintain proper islet function and avoid diabetes.

• Identify the developmental stages during which CFTR
function is critical for the long-term prevention of CFRD.

DEVELOPMENT OF MODEL SYSTEMS TO STUDY
CFRD, PANCREATIC REMODELING, AND
REGENERATION IN CF

The development of CFRD is multifactorial and may involve
contributions from multiple organ systems, including non-
pancreatic organs. The CF field has an array of models that
recapitulate different aspects of CF disease (Table 1); however,
models that reflect human pathophysiology in the pancreas
and the development of CFRD are limited. Small-animal CF
models, such as mice and rats, do not spontaneously develop
exocrine pancreatic disease or a CFRD phenotype (45), and
thus the number of studies evaluating glucose homeostasis in
CF mice is limited. However, treatment with low-dose strep-
tozotocin can result in abnormal glycemic control associated
with the loss of islets, providing a model for studying the role
for inflammation in b-cell injury and CF glucose homeostasis
(46,47). There is significant debate about whether CFTR func-
tions within endocrine cells of mice, and some evidence
shows that CFTR impacts b-cell insulin (48) and a-cell gluca-
gon (49) secretion in isolated CF mouse islets (48). Others
have shown that b-cell–specific deletion of the Cftr gene in
mice has no impact on glucose tolerance or islet insulin secre-
tion (33). An additional study suggests that insulin-induced
glucose transporter 4 translocation to the cell membrane of
muscle fibers was abnormal in the Cftr knockout mice (50),
suggesting that CF mouse models have utility in studying glu-
cose homeostasis controlled by insulin responses in the
periphery.

In contrast to the small-animal models, several large ani-
mals, including the CF ferret (51), CF pig (52), and CF
sheep (53), develop spontaneous exocrine pancreas pathol-
ogy similar to that of humans. However, only CF ferrets
and pigs have been studied in the context of endocrine
physiology and glucose regulation, which may uniquely po-
sition these models for studying mechanisms of CFRD
pathogenesis. The CF pig model exhibits glycemic abnor-
malities, insulin secretion defects, and significant exocrine
pancreatic pathology at birth (52,54), which is characteris-
tic of the more extensive pancreatic damage seen in young
human patients with CF. In contrast, the CF ferret pre-
sents with very mild pancreatic pathology at birth with
progressive loss of endocrine and exocrine pancreas func-
tion during the first few months of life (51,55–57).

Pancreatic enzyme–secreting acinar cells compose the
majority of the exocrine pancreas, and the destruction of
this cell type leads to PI. The CF pancreas undergoes sub-
stantial remodeling associated with the clearance of the
acinar cell compartment. CF ferret models have assisted

T
ab

le
1—

C
F
o
rg
an

p
he

no
ty
p
es

in
m
am

m
al
ia
n
an

im
al

m
o
d
el
s

M
od

el
sp

ec
ie
s

S
p
on

ta
ne

ou
s

lu
ng

in
fe
ct
io
ns

Lu
ng

m
uc

us
d
ef
ec

ts
Im

p
ai
re
d

gr
ow

th
In
te
st
in
al

p
at
ho

lo
gy

E
xo

cr
in
e

p
an

cr
ea

s
d
es

tr
uc

tio
n

E
nd

oc
rin

e
p
an

cr
ea

s
d
ys

fu
nc

tio
n ^

C
FR

D
H
ep

at
ic

p
at
ho

lo
gy

G
al
lb
la
d
d
er

p
at
ho

lo
gy

C
FT

R
m
od

ul
at
or

re
sp

on
si
ve

ge
no

ty
p
es

R
ef
er
en

ce
s

H
um

an
Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

M
an

y

P
ig

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

G
55

1D
,
F5

08
d
el

54
,1
30

–
13

3

S
he

ep
U
nk

no
w
n

G
la
nd

s
U
nk

no
w
n

Y
es

Y
es

U
nk

no
w
n

U
nk

no
w
n

Y
es

Y
es

F5
08

d
el

53
,1
34

Fe
rr
et

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

Y
es

G
55

1D
,
F5

08
d
el

42
,5
1,
55

–
57

,6
0–

62
,1
35

,1
36

R
ab

b
it

N
o

N
o

Y
es

Y
es

N
o

U
nk

no
w
n

N
o

N
o

N
o

F5
08

d
el
†

13
7,
13

8

R
at

N
o

G
la
nd

s
Y
es

Y
es

N
o

U
nk

no
w
n

N
o

N
o

N
A

H
um

an
iz
ed

G
55

1D
*

13
9–

14
3

M
ou

se
N
o

N
o

Y
es

Y
es

N
o

M
ild

to
no

ne
N
o

N
o

N
o

H
um

an
iz
ed

G
55

1D
,
F5

08
d
el
*

33
,4
6–

48
,1
44

–
14

7

N
A
,
no

t
ap

p
lic
ab

le
si
nc

e
th
e
or
ga

n
d
oe

s
no

t
ex

is
t
in

th
is

sp
ec

ie
s;

gl
an

d
s,

lim
ite

d
to

su
b
m
uc

os
al

gl
an

d
m
uc

us
ac

cu
m
ul
at
io
n
an

d
/o
r
ob

st
ru
ct
io
n;

un
kn

ow
n,

no
t
ye

t
st
ud

ie
d
;
m
ild

to
no

ne
,

so
m
e
st
ud

ie
s
sh

ow
ce

rt
ai
n
ab

no
rm

al
iti
es

fo
llo

w
in
g
b
-c
el
l
in
ju
ry

w
ith

st
re
p
to
zo

to
ci
n.

^
E
nd

oc
rin

e
p
an

cr
ea

tic
d
ys

fu
nc

tio
n
m
ea

ns
al
te
ra
tio

ns
to

gl
uc

os
e
m
et
ab

ol
is
m

an
d
in
su

lin
se

cr
et
io
n.

†
F5

08
d
el

ra
b
b
it
m
od

el
ha

s
b
ee

n
ge

ne
ra
te
d
,
b
ut

it
re
m
ai
ns

un
kn

ow
n
if
th
e
ra
b
b
it
m
ut
an

t
C
FT

R
is

re
sp

on
si
ve

to
C
FT

R
m
od

ul
at
or
s.

*M
ou

se
an

d
ra
t
C
FT

R
m
ut
an

ts
ar
e
no

t
re
sp

on
si
ve

to
C
FT

R
m
od

ul
at
or
s,

th
us

hu
m
an

iz
ed

m
od

el
s
w
er
e
ge

ne
ra
te
d
th
at

ei
th
er

ra
nd

om
ly

in
se

rt
th
e
hu

m
an

C
FT

R
m
ut
an

t
ge

ne
lo
cu

s
in
to

th
e
m
ou

se
ge

no
m
e
or

in
se

rt
a
C
FT

R
m
ut
an

t
cD

N
A
in
to

th
e
ra
t
C
tf
r
lo
cu

s.

680 Cystic Fibrosis–Related Diabetes Workshop Diabetes Volume 72, June 2023



in defining phases of exocrine and endocrine pancreatic
remodeling and how these events impact glycemic status.
Juvenile, but not neonatal, CFTR knockout ferrets have
spontaneous fasting and postprandial glucose excursions
above 200 mg/dL between 1 and 2 months of age, a time
when mRNA and protein markers of functional islets de-
cline and inflammation and fibrosis peak (51,57). This
phase is followed by rapid expansion of islets and a glyce-
mic recovery at about 3 months of age, when adipose tis-
sue begins to expand within the pancreas (55,57). As CF
ferrets age into adulthood, islet dysfunction, insulin insuf-
ficiency, and glucose intolerance return.

Key questions pertain to the processes that control islet
resurgence in juvenile CF ferrets and how these events may
ultimately impact endocrine cell fate and function later in
life. Two progenitor cell populations that could participate
in islet expansion include dedifferentiated endocrine cells
and/or ductal cells that adopt the phenotype of bipotent
ductal progenitors formed during pancreatic development.
In support of the latter hypothesis are changes in CF ductal
cell phenotype that implicate upstream regulators known to
participate in the specification of endocrine cells from ductal
progenitors during pancreatic development (58). New trans-
genic ferret models capable of fate mapping these cellular
compartments are being used to understand the origins of
progenitors that participate in CF pancreatic remodeling
(59). The recent creation of CFTR modulator-responsive
CFTR-G551D ferrets is also enabling dissection of how the
age of pancreatitis onset in CF impacts long-term islet func-
tion and the reversibility of these defects (60–62). Other
CFTR modulator-responsive mutant animal models, includ-
ing those for pig, sheep, and rabbit as well as humanized
CFTR mutant models of mice and rats (Table 1), have been
subject to fewer CFRD-focused studies.

In addition to in vivo studies of the development of
CFRD and other pancreatic complications, CF ferrets and
pigs have also proven to be valuable as in vitro models to
study insulin secretion by islets isolated from CF and
non-CF animals. Studies in CF pig islets have recently
shown that oxidative stress may impair islet insulin secre-
tion (63). Total insulin content was lower in CF ferret is-
lets than in non–CF ferret islets, and perfused CF islets
had impaired glucose-stimulated insulin secretion for all
phases of section (first, second, and amplifying phases)
(42). Under static low-glucose conditions, CF islets com-
pensated for lower insulin content by secreting a greater
fraction of total islet insulin than non-CF islets (42,51).
CF islets also secreted higher levels of IL-6, which may be
responsible for the elevated expression of glucose trans-
porter SLC2A1 and higher basal intracellular Ca21 com-
pared with non-CF islets (42). Additional in vitro models
using CF ferrets have included the development of polar-
ized ductal epithelium to study paracrine mechanisms by
which the exocrine compartment may influence endocrine
function (58). These studies evaluated the secretome and
cellular proteome of polarized non-CF ferret and CF ferret

ductal epithelia using mass spectrometry. These studies
demonstrate a number of signaling pathways are dysregu-
lated in ductal epithelium in vitro, and these findings were
confirmed in vivo (58). Notably, reconstitution experi-
ments in isolated islets confirmed the impact of an altered
CF secreted factor on islet insulin secretion, suggesting
that this model is useful for dissecting paracrine exocrine/
endocrine signaling abnormalities in CF and their impact
on islet function and maintenance.

Research priorities include the following areas:

• Define the cellular origin of expanding endocrine cells
following acinar cell clearance in the CF pancreas.

• Elucidate mechanisms of pancreatic acinar cell regen-
eration on HEMT and the developmental window in
which this can occur.

• Define the endocrine cell–intrinsic and –extrinsic fac-
tors that lead to impaired islet function in CFRD.

• Identify blood-borne molecular biomarkers that report CF
pancreatic disease states and predict clinical outcomes
and responses to treatment.

DYSGLYCEMIA AND CFRD SCREENING AND
DIAGNOSIS

How best to screen for and diagnose CFRD remains a
challenge. At present, the recommended screening test for
CFRD is the oral glucose tolerance test (OGTT) performed
annually in all people with CF by age 10 years (22). Abnor-
mal glucose tolerance (defined as impaired glucose tolerance
[IGT] [2-h OGTT glucose 140–199 mg/dL], indeterminate
glucose tolerance [1-h OGTT glucose $200 mg/dL with
2-h OGTT glucose <140 mg/dL], and the more recently de-
fined early glucose intolerance [1-h OGTT glucose$155 mg/dL
with 2-h OGTT glucose <140 mg/dL]) is common in CF
(22,29). Rates of disease progression to frank CFRD vary
(64,65), and studies are now examining the role of the
1-h OGTT glucose as well as peak glucose prior to 2-h glucose
in predicting the subsequent emergence of CFRD (66). Data
on the clinical relevance of early dysglycemia across the life
span in people with CF are otherwise conflicting (67–70).
Similarly, OGTT and continuous glucose monitoring (CGM)
identify dysglycemia (glucose excursion to$200 mg/dL) even
in very young children (67,71), but the clinical significance of
insulin insufficiency and dysglycemia in toddlers is unknown.

Not unexpectedly, annual OGTTs are perceived as bur-
densome, and adherence to current CFRD screening guide-
lines is poor (72). Increasingly, CGM technology is being
utilized to characterize dysglycemia in people with CF, but
larger studies are needed to identify the appropriate CGM
variables and thresholds for guiding clinical decision-making.
As the landscape of CF continues to evolve, particularly with
increasing use of HEMT, the identification of alternative
CFRD screening approaches that will not only detect clini-
cally meaningful outcomes but also be feasible and acceptable
to providers and patients is needed. These alternative
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approaches include considerations of frequency of OGTT
given patient characteristics and previous OGTT results.

Research priorities include the following:

• Prospective, longitudinal studies to identify the clinical
effects of early dysglycemia as well as optimal OGTT glu-
cose thresholds that will predict CFRD and clinical out-
comes relevant to people with CF.

• Studies to better understand the early pathophysiol-
ogy of CFRD, including drivers of disease progression,
and the timing and type of interventions needed to
slow/prevent progression to CFRD. Questions to be
addressed include the optimal age to start screening
for CFRD, how best to identify subpopulations at high-
est risk for disease progression, and what impact the in-
troduction of novel CF therapeutics at different ages
may have on the natural history of CFRD.

• Investigation of 1) alternatives to the traditional OGTT,
including sampling from blood spots for at-home test-
ing and CGM, which are less invasive and time-intensive
methods and that are administered with more personal-
ized frequency, and 2) novel biomarkers (breath testing
or sputum) for quantifying dysglycemia.

RESEARCH PRIORITIES TO ADDRESS THE IMPACT
OF NUTRITION ON CFRD

Prevention of malnutrition, both undernutrition and over-
weight/obesity, and achievement of adequate nutritional
status are major goals in the management of CF because of
the strong links of nutritional status with both lung func-
tion and survival (73,74). Current dietary recommendations
are to consume an unrestricted, high-calorie, high-fat diet
to offset persistent fat malabsorption and increased energy
expenditure and to achieve sex-specific BMI recommenda-
tions (75). The introduction and now-widespread use of
HEMT have resulted in weight and BMI status improve-
ments in many patients (76). The mechanisms responsible
for weight gain with HEMT are not well defined but likely
include decreasing resting energy expenditure, systemic and
gut inflammation, and fat malabsorption (77).

Current research indicates that consumption of the typi-
cal or “legacy” CF diet translates to poor-quality diet pat-
terns, evidenced by intakes of saturated fats and added
sugars above recommendations for the general population
(78). Motivated by increases in BMI, many CF centers have
adopted recommendations from the World Health Organi-
zation, American Heart Association, and Dietary Guidelines
for Americans to limit added sugars (79–81), while the Cys-
tic Fibrosis Foundation has organized experts in the field
to update current nutrition guidelines. Moreover, such
poor-quality diets are known risk factors for glucose intol-
erance and diabetes in general non-CF populations (82).

However, CFRD is unique in its pathophysiology compared
with more common types of diabetes (83), and the role
that nutrition has in CFRD development, prevention, or
management must be studied as such. Whether poor-quality

diets contribute to onset or progression and severity of CFRD
is unknown, as is the role of specific nutrients and diet pat-
terns, whether positive or negative, on insulin secretion and
sensitivity in individuals with CF. Further, with a small but ris-
ing prevalence of overweight and obesity among those with
CF (84), the impact of increased adiposity, compounded with
increasing age of survival on CFRD development and other
age-related comorbidities, is an important area of study. It is
critical to acknowledge, however, that underweight status in
adults and growth faltering in children and adolescents remain
prevalent in individuals with CF (72). The persistence of un-
derweight status is especially evident in people with genotypes
that are not eligible for currently approved HEMT. Malnutri-
tion/underweight, as defined by BMI status, is a risk factor for
CFRD, which is a further challenge to the recommendations
(85). Thus, nutritional status assessment and dietary recom-
mendations, including individualized caloric recommendations,
must account for the need to prevent growth failure and mal-
nutrition as well as prevent excess adiposity. The current CF
landscape provides opportunities to shift nutrition research in
CF from a focus solely on quantity of calories, macronutrients,
and BMI to include the quality of calories and micronutrients
and impacts on body composition, metabolic disease risk, and
functional and quality-of-life outcomes. Such dietary compo-
nents may include strategies to increase consumption of com-
plex carbohydrates and unsaturated fats while individualizing
nutritional recommendations and weight goals.

Priority research opportunities to address gaps in the
role of nutrition on CFRD include the following:

• Determine effects of changes in diet quality of macronu-
trients (for example, glycemic index/load, saturated vs.
unsaturated fatty acids, and plant vs. animal proteins)
on risk for CFRD and management of CFRD.

• Define adequate nutritional status to include body compo-
sition assessment and novel biomarkers in people with CF.

• Determine caloric, macronutrient, and micronutrient
needs in children and adults taking HEMT.

• Specify dietary recommendations, including calorie needs,
and associated behavioral intervention strategies for indi-
viduals who are overweight/obese and those who are un-
derweight or have growth failure.

• Determine the role of body fat distribution on CFRD-
related outcomes.

• Assess long-term changes in nutritional status in chil-
dren and adults taking HEMT.

EFFECTS OF HEMT ON CFRD

Advances in CF care, including use of HEMT, have contrib-
uted to improved health and survival, but the impacts of
aging and better nutritional status, as well as overweight/
obesity, on the emergence and progression of insulin secre-
tion defects, insulin resistance, and glucose abnormalities
remain unclear. Small studies have documented short-term
improvements in insulin secretion and glucose excursion/
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tolerance with ivacaftor (31,86), while U.S. and U.K. regis-
try data demonstrate trends toward lower CFRD rates in
the 4–5 years following the introduction of ivacaftor treat-
ment (87). In contrast, glucose tolerance improved follow-
ing 1 year of the CFTR modulator therapy combination
lumacaftor-ivacaftor in a French multicenter study of 40
F508del homozygous individuals age >12 years with IGT
or CFRD (88) but not in the U.S.-based PROSPECT
(A Two-Part Multicenter Prospective Longitudinal Study of
CFTR-Dependent Disease Profiling in Cystic Fibrosis) study
of lumacaftor-ivacaftor (89) or in a more limited Italian
study of six individuals with either dysglycemia or CFRD
(90). More recent CGM data from adults with and without
CFRD identified improvements in hyperglycemia and glyce-
mic variability with the introduction of the triple HEMT
combination elexacaftor-tezacaftor-ivacaftor (91).

The contributions of direct potentiation of insulin secretion
by b-cell CFTR modulation versus indirect insulin secretion im-
provements secondary to reductions in systemic or peri-islet in-
flammation remain undefined. Nodding toward direct islet
action, CFTR inhibition led to impaired glucagon-like peptide 1
(GLP-1) and forskolin-augmented glucose-potentiated insulin
secretion in in vitro murine and human islet studies (44). In
contrast, additional studies identified very low CFTR RNA
expression in b-cells (24,33,92,93) and absent CFTR pro-
tein coexpression with insulin-positive, glucagon-positive,
or somatostatin-positive cells in human islets. Moreover,
CFTR modulators and inhibitors did not appear to impact
in vitro insulin secretion in human islets even at high glucose
concentrations (33). These inconsistencies may be attributed
to the nonspecificity of CFTR inhibitors, since insulin secre-
tion is similarly reduced by CFTR inhibitors in isolated hu-
man, wild-type ferret, and CFTR knockout ferret islets (42).

The Cystic Fibrosis Foundation-funded PROMISE (A Pro-
spective Study to Evaluate Biological and Clinical Effects of Sig-
nificantly Corrected CFTR Function) endocrine substudy has
been organized to test the impact of elexacaftor-tezacaftor-
ivacaftor on glucose excursion, insulin secretory rates, suppres-
sion of glucagon, and incretin secretion using 3-h OGTT per-
formed at baseline and at 12–18 and 24–30 months after
elexacaftor-tezacaftor-ivacaftor initiation (94). This study will
also test the relationships of changes in OGTT outcomes with
changes in BMI, body composition, pulmonary function, and,
potentially, systemic inflammation, liver stiffness, and gastro-
intestinal health, including recovery of pancreatic insufficiency
as measured by fecal elastase.

Priority research opportunities to address gaps regard-
ing the relationships between HEMT and CFRD include
the following:

• Determine the role of HEMT in improving glucose
tolerance and delaying or altogether preventing CFRD
development.

• Define mechanisms responsible for glucose tolerance and
insulin secretion improvements produced by HEMT.

• Determine patient characteristics responsible for the var-
iability in glucose tolerance and insulin secretion pro-
duced by HEMT.

• Explore the time frame for and durability of improve-
ment in glucose excursion and insulin secretion/sensi-
tivity produced by HEMT.

• Determine whether the underlying propensity to dia-
betes persists in people with CF receiving HEMT and
whether this predisposition is unmasked with over-
weight/obesity and aging despite HEMT.

• Clarify whether initiation of HEMT at a young age, poten-
tially even in infancy, impacts b-cell survival and diabetes
progression.

CURRENT GAPS IN CFRD CARE AND USE OF
NOVEL TREATMENT APPROACHES IN DISEASE
MANAGEMENT

The diagnosis of CFRD has been associated with a decline
in lung function, increase in pulmonary exacerbations,
compromised nutritional status, and earlier mortality (22).
Studies have found that elevated glucose concentrations in
airway surfaces of people with CFRD promote bacterial
growth and exaggerated but less effective inflammatory re-
sponses (95–98). Concomitantly, pulmonary exacerbations
often cause increased insulin resistance and worsen hyper-
glycemia. Further studies are needed to understand the im-
pact of hyperglycemia on pulmonary exacerbations as well
as the most effective approach to glycemic management
during acute illness.

CFRD management, including insulin administration, car-
bohydrate counting, and glucose monitoring, adds a significant
burden to the medical care of people with CF. The recom-
mended glycemic targets for CFRD are based on those devel-
oped for type 1 and type 2 diabetes for the prevention of
microvascular complications (22). Whether achieving these tar-
gets leads to beneficial effects on CF-specific outcomes, such
as pulmonary function and nutritional status, is unknown.

Recent advances in diabetes technology have shown
promise in improving glycemic control and quality of life
in people with type 1 diabetes (99–111), but studies are
limited in CFRD. A recent survey of adults with CFRD
and parents of children with CFRD suggested that sus-
tained use of diabetes technology, including CGM and in-
sulin pumps, was low and that strategies are needed to
improve insurance coverage and patient education along
with research to confirm efficacy and acceptability (112).
Although CGM-guided insulin initiation was associated
with slowing of the annual rate of pulmonary decline over
12 months (113), no published studies have investigated
the effect of CGM on glycemic control or quality of life in
people with CFRD managed with insulin. A retrospective
multicenter study of 13 adolescents and adults with
CFRD found that transition to a hybrid closed-loop pump,
an artificial pancreas device that automatically modulates
insulin administration based on real-time CGM data, in-
creased time spent in the target glucose range (114);

diabetesjournals.org/diabetes Putman and Associates 683

https://diabetesjournals.org/diabetes


however, prospective studies with patient-reported out-
comes are not available. After promising results were
noted in a small pilot study (115), studies investigating a
fully automated artificial pancreas device with or without
coadministration of glucagon are currently underway in
children and adults with CFRD (NCT03258853).

At present, insulin is the only recommended treatment
for CFRD, as it has an established anabolic effect of improv-
ing BMI, which has not been observed with other therapies
(1). Whether initiating insulin in those with abnormal glu-
cose tolerance leads to metabolic improvements is currently
under study (NCT02496780). However, with the advent of
HEMT, many patients with CF no longer struggle with un-
dernutrition, and rates of overweight and obesity are in-
creasing (84,116). The emergence of overweight/obesity and
the overall improved health of people with CF have led to
rising interest in the role of nutritional interventions and
noninsulin therapies, including medications used for the
management of type 2 diabetes, as alternative strategies to
prevent or delay the need for insulin therapy. Oral agents
currently used to treat type 2 diabetes tested to date have
not demonstrated efficacy in CFRD (117,118). However,
limited studies that examine the benefits of glucagon-like
peptide agonists or dipeptidyl peptidase-4 inhibitors as treat-
ment alternatives to insulin show promise (118,119).

Key research priorities include the following:

• Understand how glycemia affects pulmonary exacerbations
and determine the best approach for managing hyperglyce-
mia in the setting of acute illness in people with CF.

• Investigate the impact of diabetes technology, includ-
ing CGM and artificial pancreas devices, on glycemic
control, quality of life, and other important patient-
reported outcomes in CFRD.

• Identify CFRD-specific glycemic targets not only to opti-
mize pulmonary and nutritional outcomes but also to pre-
vent microvascular complications.

• Clarify whether early initiation of insulin during the stage
of abnormal glucose tolerance (prediabetes) has beneficial
effects on nutritional and pulmonary outcomes.

• Explore the potential role for noninsulin therapies in the
management of abnormal glucose tolerance and CFRD,
particularly in those who are overweight or obese.

CFRD HEALTH CARE DELIVERY AND PATIENT
OUTCOMES

Chronic complications in CFRD, other than the detrimental
impacts on lung function and nutrition, are rarely addressed.
Microvascular and macrovascular complications pose a large
disease burden for individuals living with type 1 diabetes and
type 2 diabetes (120,121). Historically, vascular complications
related to CFRD were rarely observed, and this was thought
to be due to the shortened life span (122,123). With advan-
ces in CF care, individuals are living longer, and theoretically
the toll associated with vascular complications of CFRD could
increase (122). Microvascular complications in CFRD have

appeared to be less severe than those in other forms of dia-
betes (122), and macrovascular complications generally have
been thought to be nonexistent. With the introduction of
HEMT, we soon will have an aging CF population with in-
creasing BMI and less malabsorption. This aging of the popu-
lation and emergence of overweight/obesity will necessitate
closer surveillance for the development of microvascular and
macrovascular disease in CFRD. Also incumbent upon all CF
diabetes providers is the education of patients about chronic
complications in CFRD. Coordinated care from a multidisci-
plinary team with expertise in CF and diabetes may bridge
this gap and provide anticipatory guidance around the treat-
ment course of diabetes and its possible complications.

Disease burden from diabetes is understudied in the CF
community, particularly as it impacts communities of color.
Non-White individuals with CF tend to have a later diagno-
sis of CF and significantly lower BMI than their White coun-
terparts (124). Furthermore, they are more likely to have
rare CFTR variants that are not amenable to HEMT. In
other forms of diabetes, non-Hispanic Black and Hispanic
individuals tend to have higher rates of morbidity and mor-
tality than non-Hispanic White individuals (125–129). The
impact of race and ethnicity on CFRD course has not been
explored. Understanding the disease burden could inform
providers, address equity gaps, and provide preventive and
tertiary care that strives to achieve equitable outcomes.

Finally, the complexity of CFRD and the differences
from other forms of diabetes point to the need for endo-
crinologists with specific training in CFRD. Ideally, such
individuals would become integral members of the inter-
disciplinary CF health care team. The Cystic Fibrosis
Foundation established the EnVision CF program with
the goal of providing mentored CF clinical and research
training to adult and pediatric junior faculty endocrinolo-
gists to expand the pool of physicians with expertise in
CF endocrinology and diabetes. Thirty-six physicians have
completed or are enrolled in the program, with a new co-
hort of twenty physicians starting in July 2023.

Key research priorities include the following:

• Determine the incidence and prevalence of macrovascular
and microvascular disease in CFRD with a particular em-
phasis on understanding racial, ethnic, and social deter-
minants contributing to health outcomes and disparities.

• Examine the impact of social determinants of health,
race, and ethnicity on CFRD and relevant outcomes.

• Continue the development of endocrinologists with train-
ing in CFRD and new programs to provide this training to
nurse and dietitian certified diabetes educators to provide
diabetes multidisciplinary care to the pediatric and growing
adult CF population.

PATIENT AND FAMILY PERSPECTIVES

Including the voice of patients and families currently liv-
ing with CFRD is critical for prioritizing research opportu-
nities. A young adult with CFRD and a mother of an adult
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with CFRD joined the workshop to discuss daily life expe-
riences with CFRD as well as to propose research priori-
ties from the perspective of a patient and caregiver.

CFRD adds a substantial burden to an already onerous
disease. The burden of a comorbidity that demands daily
glucose monitoring, multiple daily injections or use of an
insulin pump, physical discomfort from hypoglycemia and
hyperglycemia, and risk of diabetes complications can
negatively impact quality of life.

The speakers highlighted the mental and emotional toll
of dealing with two demanding chronic diseases that are
interdependent: when diabetes is not controlled, lung
function suffers, and during a CF pulmonary exacerba-
tion, blood glucose levels are often unstable. In addition,
some medications used to treat CF, such as corticoste-
roids, make blood glucose control endlessly challenging.

Both speakers emphasized the lack of access to practi-
tioners knowledgeable of CFRD. Many endocrinologists
are not familiar with treatment guidelines for CFRD or
how CFRD differs from type 1 or 2 diabetes. Since endo-
crinologists are often not included in the CF care team,
diabetes care plans are often written without consider-
ation of current treatment plans for CF, ignore possible
medication interactions, and overlook added treatment
burden. In addition, the separately scheduled visits result
in more missed time from work or school.

As the CF population ages due to the advent of HEMT,
long-term effects of CFRD should become a vital area of
research focus. The addition of these long-term complica-
tions of CFRD to the already daunting complications of
CF significantly increases the physical and mental health
burden on patients.

Potential research opportunities and priorities include
the following:

• Education and training of additional multidisciplinary
practitioners familiar with CFRD and integration of
these professionals into the CF care team.

• Prevention and treatment of long-term complications
of CFRD.

• Advancement in treatments such as
� Artificial pancreas technology
� Optimization in the presence of frequent illness
and CF medications

� Noninsulin therapies to treat CFRD

• Prevention or delayed onset of CFRD and treatment
options during prediabetes stage.

CONCLUSION

While the pathophysiology of CF lung disease has received
significant attention over time and has resulted in significant
improvements in patient outcomes, many of the extrapulmo-
nary manifestations of the disease, including CFRD, are still
understudied. As people with CF are living longer, the num-
ber of people who develop CFRD is expected to increase.

However, many unanswered questions remain regarding
CFRD pathogenesis, risk factors for developing CFRD, the
impact of CFRD on CF outcomes as well as on more tradi-
tional diabetes outcomes such as microvascular disease, and
optimal strategies for diagnosis and treatment. In addition,
how the introduction of HEMT into clinical care may affect
the development and/or progression of CFRD remains un-
known. This workshop focused on the latest scientific re-
search regarding CFRD disease pathophysiology as well as
critical basic and clinical research gaps that should be priori-
tized. Addressing these priorities has the potential to pro-
duce meaningful change in our understanding of CFRD and
its diagnosis, management, and long-term impacts on health
outcomes. Further, including the voice of CF community
members is critical to ensuring that these priorities speak to
the needs of people with CF, including treatments that are
feasible and positively impact their quality of life.

Funding. M.R.R. and A.K. are supported in part by Public Health Service Re-
search Grant R01 DK97830. A.K. is supported by grants from the Cystic Fibrosis
Foundation. A.W.N. and J.F.E. are supported in part by grants R01 DK115791,
RC2 DK124207, and P30 DK054759. T.D., A.A.S., and J.A.A. are supported in
part by National Institutes of Health (NIH) grant P30 DK125013. M.S.P. is sup-
ported by R01 DK119699 and grants from the Cystic Fibrosis Foundation. A.M. is
supported by NIH grant R01 DK101402. J.A.A. is supported by NIH grant R01
DK133523, Cystic Fibrosis Foundation grant ALVARE19A0, and Cystic Fibrosis
Foundation grant ALVARE22A0. K.L.O. is supported in part by P30 DK054759
and grants from the Cystic Fibrosis Foundation.
Duality of Interest. M.S.P. reports research grants from Dexcom, Inc.,
and Vertex Pharmaceuticals and speaking fees from Vertex Pharmaceuticals.
No other potential conflicts of interest relevant to this article were reported.
Prior Presentation. Parts of this work were presented at the CFRD Sci-
entific Workshop, 23–25 June 2021, sponsored by the National Institute of Dia-
betes and Digestive and Kidney Diseases and the Cystic Fibrosis Foundation.

References

1. Moran A, Pekow P, Grover P, et al.; Cystic Fibrosis Related Diabetes
Therapy Study Group. Insulin therapy to improve BMI in cystic fibrosis-related
diabetes without fasting hyperglycemia: results of the cystic fibrosis related
diabetes therapy trial. Diabetes Care 2009;32:1783–1788
2. Moran A, Diem P, Klein DJ, Levitt MD, Robertson RP. Pancreatic

endocrine function in cystic fibrosis. J Pediatr 1991;118:715–723
3. Lanng S, Thorsteinsson B, Røder ME, et al. Pancreas and gut hormone

responses to oral glucose and intravenous glucagon in cystic fibrosis patients
with normal, impaired, and diabetic glucose tolerance. Acta Endocrinol (Copenh)
1993;128:207–214
4. Lewis C, Blackman SM, Nelson A, et al. Diabetes-related mortality in

adults with cystic fibrosis. Role of genotype and sex. Am J Respir Crit Care
Med 2015;191:194–200
5. Chamnan P, Shine BS, Haworth CS, Bilton D, Adler AI. Diabetes as a

determinant of mortality in cystic fibrosis. Diabetes Care 2010;33:311–316
6. Marshall BC, Butler SM, Stoddard M, Moran AM, Liou TG, Morgan WJ.

Epidemiology of cystic fibrosis-related diabetes. J Pediatr 2005;146:681–687
7. Nichols DP, et al. Clinical effectiveness of elexacaftor/tezacftor/ivacaftor

in people with cystic fibrosis. Am J Respir Crit Care Med 2022;205:529–539
8. Middleton PG, Mall MA, D�rev�ınek P, et al.; VX17-445-102 Study Group.

Elexacaftor-tezacaftor-ivacaftor for cystic fibrosis with a single Phe508del
allele. N Engl J Med 2019;381:1809–1819

diabetesjournals.org/diabetes Putman and Associates 685

https://diabetesjournals.org/diabetes


9. Heijerman HGM, McKone EF, Downey DG, et al.; VX17-445-103 Trial Group.
Efficacy and safety of the elexacaftor plus tezacaftor plus ivacaftor combination
regimen in people with cystic fibrosis homozygous for the F508del mutation: a
double-blind, randomised, phase 3 trial. Lancet 2019;394:1940–1948
10. Flume PA, Biner RF, Downey DG, et al.; VX14-661-110 Study Group.
Long-term safety and efficacy of tezacaftor-ivacaftor in individuals with cystic
fibrosis aged 12 years or older who are homozygous or heterozygous for
Phe508del CFTR (EXTEND): an open-label extension study. Lancet Respir Med
2021;9:733–746
11. Ramsey BW, Davies J, McElvaney NG, et al.; VX08-770-102 Study Group.
A CFTR potentiator in patients with cystic fibrosis and the G551D mutation. N
Engl J Med 2011;365:1663–1672
12. Wainwright CE, Elborn JS, Ramsey BW. Lumacaftor-ivacaftor in patients with
cystic fibrosis homozygous for Phe508del CFTR. N Engl J Med 2015;373:
1783–1784
13. Zemanick ET, Taylor-Cousar JL, Davies J, et al. A phase 3 open-label
study of elexacaftor/tezacaftor/ivacaftor in children 6 through 11 years of age
with cystic fibrosis and at least one F508del allele. Am J Respir Crit Care Med
2021;203:1522–1532
14. Barry PJ, Mall MA, �Alvarez A, et al.; VX18-445-104 Study Group. Triple
therapy for cystic fibrosis Phe508del-gating and -residual function genotypes.
N Engl J Med 2021;385:815–825
15. Rowe SM, Daines C, Ringshausen FC, et al. Tezacaftor-ivacaftor in residual-
function heterozygotes with cystic fibrosis. N Engl J Med 2017;377:2024–2035
16. Rowe SM, Heltshe SL, Gonska T, et al.; GOAL Investigators of the Cystic
Fibrosis Foundation Therapeutics Development Network. Clinical mechanism of
the cystic fibrosis transmembrane conductance regulator potentiator ivacaftor in
G551D-mediated cystic fibrosis. Am J Respir Crit Care Med 2014;190:175–184
17. Davies JC, Moskowitz SM, Brown C, et al.; VX16-659-101 Study Group.
VX-659-tezacaftor-ivacaftor in patients with cystic fibrosis and one or two
Phe508del alleles. N Engl J Med 2018;379:1599–1611
18. Bailey J, Krick S, Fontaine KR. The changing landscape of nutrition in cystic
fibrosis: the emergence of overweight and obesity. Nutrients 2022;14:1216
19. Harris A. Human molecular genetics and the long road to treating cystic
fibrosis. Hum Mol Genet 2021;30(R2):R264–R273
20. Brewington J, Clancy JP. Diagnostic testing in cystic fibrosis. Clin Chest
Med 2016;37:31–46
21. Meoli A, Fainardi V, Deolmi M, et al. State of the art on approved cystic
fibrosis transmembrane conductance regulator (CFTR) modulators and triple-
combination therapy. Pharmaceuticals (Basel) 2021;14:928
22. Moran A, Brunzell C, Cohen RC, et al.; CFRD Guidelines Committee. Clinical
care guidelines for cystic fibrosis-related diabetes: a position statement of the
American Diabetes Association and a clinical practice guideline of the Cystic
Fibrosis Foundation, endorsed by the Pediatric Endocrine Society. Diabetes Care
2010;33:2697–2708
23. Blackman SM, Hsu S, Vanscoy LL, et al. Genetic modifiers play a
substantial role in diabetes complicating cystic fibrosis. J Clin Endocrinol
Metab 2009;94:1302–1309
24. Lam AN, Aksit MA, Vecchio-Pagan B, et al. Increased expression of anion
transporter SLC26A9 delays diabetes onset in cystic fibrosis. J Clin Invest
2020;130:272–286
25. Lin YC, Keenan K, Gong J, et al. Cystic fibrosis-related diabetes onset can
be predicted using biomarkers measured at birth. Genet Med 2021;23:927–933
26. Aksit MA, Pace RG, Vecchio-Pag�an B, et al. Genetic modifiers of cystic
fibrosis-related diabetes have extensive overlap with type 2 diabetes and
related traits. J Clin Endocrinol Metab 2020;105:1401–1415
27. Miller AC, Comellas AP, Hornick DB, et al. Cystic fibrosis carriers are at
increased risk for a wide range of cystic fibrosis-related conditions. Proc Natl
Acad Sci USA 2020;117:1621–1627
28. Chiou J, Geusz RJ, Okino ML, et al. Interpreting type 1 diabetes risk with
genetics and single-cell epigenomics. Nature 2021;594:398–402

29. Nyirjesy SC, Sheikh S, Hadjiliadis D, et al. b-Cell secretory defects are
present in pancreatic insufficient cystic fibrosis with 1-hour oral glucose
tolerance test glucose $155mg/dL. Pediatr Diabetes 2018;19:1173–1182
30. Moran A, Pyzdrowski KL, Weinreb J, et al. Insulin sensitivity in cystic
fibrosis. Diabetes 1994;43:1020–1026
31. Kelly A, De Leon DD, Sheikh S, et al. Islet hormone and incretin secretion
in cystic fibrosis after four months of ivacaftor therapy. Am J Respir Crit Care
Med 2019;199:342–351
32. Rickels MR, Norris AW, Hull RL. A tale of two pancreases: exocrine
pathology and endocrine dysfunction. Diabetologia 2020;63:2030–2039
33. Hart NJ, Aramandla R, Poffenberger G, et al. Cystic fibrosis-related
diabetes is caused by islet loss and inflammation. JCI Insight 2018;3:e98240
34. Hull RL, Gibson RL, McNamara S, et al. Islet interleukin-1b immunoreactivity
is an early feature of cystic fibrosis that may contribute to b-cell failure. Diabetes
Care 2018;41:823–830
35. Bogdani M, Blackman SM, Ridaura C, Bellocq JP, Powers AC, Aguilar-Bryan
L. Structural abnormalities in islets from very young children with cystic fibrosis
may contribute to cystic fibrosis-related diabetes. Sci Rep 2017;7:17231
36. Kopito LE, Shwachman H. The pancreas in cystic fibrosis: chemical
composition and comparative morphology. Pediatr Res 1976;10:742–749
37. Iannucci A, Mukai K, Johnson D, Burke B. Endocrine pancreas in cystic
fibrosis: an immunohistochemical study. Hum Pathol 1984;15:278–284
38. Sheikh S, Gudipaty L, De Leon DD, et al. Reduced b-cell secretory
capacity in pancreatic-insufficient, but not pancreatic-sufficient, cystic fibrosis
despite normal glucose tolerance. Diabetes 2017;66:134–144
39. Perano SJ, Couper JJ, Horowitz M, et al. Pancreatic enzyme supplementation
improves the incretin hormone response and attenuates postprandial glycemia in
adolescents with cystic fibrosis: a randomized crossover trial. J Clin Endocrinol
Metab 2014;99:2486–2493
40. Kuo P, Stevens JE, Russo A, et al. Gastric emptying, incretin hormone
secretion, and postprandial glycemia in cystic fibrosis—effects of pancreatic
enzyme supplementation. J Clin Endocrinol Metab 2011;96:E851–E855
41. White MG, Maheshwari RR, Anderson SJ, et al. In situ analysis reveals
that CFTR is expressed in only a small minority of b-cells in normal adult
human pancreas. J Clin Endocrinol Metab 2020;105:1366–1374
42. Sun X, Yi Y, Xie W, et al. CFTR influences beta cell function and insulin
secretion through non-cell autonomous exocrine-derived factors. Endocrinology
2017;158:3325–3338
43. Di Fulvio M, Bogdani M, Velasco M, et al. Heterogeneous expression of CFTR
in insulin-secreting b-cells of the normal human islet. PLoS One 2020;15:
e0242749
44. Edlund A, Esguerra JL, Wendt A, Flodstr€om-Tullberg M, Eliasson L. CFTR
and Anoctamin 1 (ANO1) contribute to cAMP amplified exocytosis and insulin
secretion in human and murine pancreatic beta-cells. BMC Med 2014;12:87
45. Semaniakou A, Croll RP, Chappe V. Animal models in the pathophysiology
of cystic fibrosis. Front Pharmacol 2019;9:1475
46. Stalvey MS, Muller C, Schatz DA, et al. Cystic fibrosis transmembrane
conductance regulator deficiency exacerbates islet cell dysfunction after beta-
cell injury. Diabetes 2006;55:1939–1945
47. Stalvey MS, Brusko TM, Mueller C, et al. CFTR mutations impart elevated
immune reactivity in a murine model of cystic fibrosis related diabetes.
Cytokine 2008;44:154–159
48. Edlund A, Barghouth M, Huhn M, et al. Defective exocytosis and
processing of insulin in a cystic fibrosis mouse model. J Endocrinol
2019;241:45–57
49. Edlund A, Pedersen MG, Lindqvist A, Wierup N, Flodstr€om-Tullberg M,
Eliasson L. CFTR is involved in the regulation of glucagon secretion in human
and rodent alpha cells. Sci Rep 2017;7:90
50. Gu J, Zhang W, Wu L, Gu Y. CFTR deficiency affects glucose homeostasis
via regulating GLUT4 plasma membrane transportation. Front Cell Dev Biol
2021;9:630654

686 Cystic Fibrosis–Related Diabetes Workshop Diabetes Volume 72, June 2023



51. Olivier AK, Yi Y, Sun X, et al. Abnormal endocrine pancreas function at
birth in cystic fibrosis ferrets. J Clin Invest 2012;122:3755–3768
52. Uc A, Olivier AK, Griffin MA, et al. Glycaemic regulation and insulin
secretion are abnormal in cystic fibrosis pigs despite sparing of islet cell
mass. Clin Sci (Lond) 2015;128:131–142
53. Fan Z, Perisse IV, Cotton CU, et al. A sheep model of cystic fibrosis
generated by CRISPR/Cas9 disruption of the CFTR gene. JCI Insight 2018;3:
e123529
54. Abu-El-Haija M, Ramachandran S, Meyerholz DK, et al. Pancreatic damage
in fetal and newborn cystic fibrosis pigs involves the activation of inflammatory
and remodeling pathways. Am J Pathol 2012;181:499–507
55. Rotti PG, Xie W, Poudel A, et al. Pancreatic and islet remodeling in cystic
fibrosis transmembrane conductance regulator (CFTR) knockout ferrets. Am J
Pathol 2018;188:876–890
56. Sun X, Olivier AK, Yi Y, et al. Gastrointestinal pathology in juvenile and
adult CFTR-knockout ferrets. Am J Pathol 2014;184:1309–1322
57. Yi Y, Sun X, Gibson-Corley K, et al. A transient metabolic recovery from
early life glucose intolerance in cystic fibrosis ferrets occurs during pancreatic
remodeling. Endocrinology 2016;157:1852–1865
58. Rotti PG, Evans IA, Zhang Y, et al. Lack of CFTR alters the ferret
pancreatic ductal epithelial secretome and cellular proteome: implications for
exocrine/endocrine signaling. J Cyst Fibros 2022;21:172–180
59. Yu M, Sun X, Tyler SR, et al. Highly efficient transgenesis in ferrets using
CRISPR/Cas9-mediated homology-independent insertion at the ROSA26 locus.
Sci Rep 2019;9:1971
60. Sun X, Yi Y, Yan Z, et al. In utero and postnatal VX-770 administration
rescues multiorgan disease in a ferret model of cystic fibrosis. Sci Transl Med
2019;11:eaau7531
61. Gibson-Corley KN, Engelhardt JF. Animal models and their role in
understanding the pathophysiology of cystic fibrosis-associated gastrointestinal
lesions. Annu Rev Pathol 2021;16:51–67
62. Yan Z, Vorhies K, Feng Z, et al. Recombinant adeno-associated virus-mediated
editing of the G551D cystic fibrosis transmembrane conductance regulator mutation
in ferret airway basal cells. Hum Gene Ther 2022;33:1023–1036
63. O’Malley Y, et al. Oxidative stress and impaired insulin secretion in cystic
fibrosis pig pancreas. Adv Redox Res 2022;5:100040
64. Scheuing N, Holl RW, Dockter G, et al. High variability in oral glucose
tolerance among 1,128 patients with cystic fibrosis: a multicenter screening
study. PLoS One 2014;9:e112578
65. Scheuing N, Holl RW, Dockter G, et al. Diabetes in cystic fibrosis:
multicenter screening results based on current guidelines. PLoS One 2013;8:
e81545
66. Bonhoure A, Potter KJ, Colomba J, et al. Peak glucose during an oral
glucose tolerance test is associated with future diabetes risk in adults with
cystic fibrosis. Diabetologia 2021;64:1332–1341
67. Chan CL, Vigers T, Pyle L, Zeitler PS, Sagel SD, Nadeau KJ. Continuous
glucose monitoring abnormalities in cystic fibrosis youth correlate with pulmonary
function decline. J Cyst Fibros 2018;17:783–790
68. Ode KL, Frohnert B, Laguna T, et al. Oral glucose tolerance testing in
children with cystic fibrosis. Pediatr Diabetes 2010;11:487–492
69. Nguyen CQT, Denis MH, Chagnon M, Rabasa-Lhoret R, Mailhot G.
Abnormal glucose tolerance in a pediatric cystic fibrosis cohort: trends in
clinical outcomes and associated factors in the preceding years. Nutr Metab
Cardiovasc Dis 2021;31:277–285
70. Potter KJ, Boudreau V, Shohoudi A, et al. Influence of pre-diabetic and
pancreatic exocrine states on pulmonary and nutritional status in adults with
cystic fibrosis. J Cyst Fibros 2021;20:803–809
71. Yi Y, Norris AW, Wang K, et al. Abnormal glucose tolerance in infants and
young children with cystic fibrosis. Am J Respir Crit Care Med 2016;194:974–980
72. Cystic Fibrosis Foundation. Patient Registry 2020 Annual Data Report.
Bethesda, MD, Cystic Fibrosis Foundation, 2021

73. Yen EH, Quinton H, Borowitz D. Better nutritional status in early childhood
is associated with improved clinical outcomes and survival in patients with
cystic fibrosis. J Pediatr 2013;162:530–535.e1
74. Corey M, McLaughlin FJ, Williams M, Levison H. A comparison of
survival, growth, and pulmonary function in patients with cystic fibrosis in
Boston and Toronto. J Clin Epidemiol 1988;41:583–591
75. Stallings VA, Stark LJ, Robinson KA, Feranchak AP; Clinical Practice
Guidelines on Growth and Nutrition Subcommittee; Ad Hoc Working Group.
Evidence-based practice recommendations for nutrition-related management
of children and adults with cystic fibrosis and pancreatic insufficiency: results
of a systematic review. J Am Diet Assoc 2008;108:832–839
76. Bailey J, Rozga M, McDonald CM, et al. Effect of CFTR modulators on
anthropometric parameters in individuals with cystic fibrosis: an evidence
analysis center systematic review. J Acad Nutr Diet 2021;121:1364–1378.e2
77. Stallings VA, Sainath N, Oberle M, Bertolaso C, Schall JI. Energy balance
and mechanisms of weight gain with ivacaftor treatment of cystic fibrosis
gating mutations. J Pediatr 2018;201:229–237.e4
78. Bellissimo MP, Zhang I, Ivie EA, et al. Visceral adipose tissue is
associated with poor diet quality and higher fasting glucose in adults with
cystic fibrosis. J Cyst Fibros 2019;18:430–435
79. World Health Organization. Guideline: Sugars Intake for Adults and
Children. Geneva, Switzerland, World Health Organization, 2015.
80. Vos MB, Kaar JL, Welsh JA, et al.; American Heart Association Nutrition
Committee of the Council on Lifestyle and Cardiometabolic Health; Council on
Clinical Cardiology; Council on Cardiovascular Disease in the Young; Council on
Cardiovascular and Stroke Nursing; Council on Epidemiology and Prevention;
Council on Functional Genomics and Translational Biology; and Council on
Hypertension. Added sugars and cardiovascular disease risk in children: a
scientific statement from the American Heart Association. Circulation 2017;135:
e1017–e1034
81. U.S. Department of Health and Human Services and U.S. Department of
Agriculture. 2015–2020 Dietary Guidelines for Americans. 8th ed. Washington,
DC, U.S. Department of Health and Human Services, 2015.
82. Bellou V, Belbasis L, Tzoulaki I, Evangelou E. Risk factors for type 2
diabetes mellitus: an exposure-wide umbrella review of meta-analyses. PLoS
One 2018;13:e0194127
83. Moheet A, Moran A. New concepts in the pathogenesis of cystic fibrosis-
related diabetes. J Clin Endocrinol Metab 2022;107:1503–1509
84. Harindhanavudhi T, Wang Q, Dunitz J, Moran A, Moheet A. Prevalence
and factors associated with overweight and obesity in adults with cystic
fibrosis: a single-center analysis. J Cyst Fibros 2020;19:139–145
85. Olesen HV, Drevinek P, Gulmans VA, et al.; ECFSPR Steering Group.
Cystic fibrosis related diabetes in Europe: prevalence, risk factors and outcome. J
Cyst Fibros 2020;19:321–327
86. Bellin MD, Laguna T, Leschyshyn J, et al. Insulin secretion improves in
cystic fibrosis following ivacaftor correction of CFTR: a small pilot study.
Pediatr Diabetes 2013;14:417–421
87. Volkova N, Moy K, Evans J, et al. Disease progression in patients with
cystic fibrosis treated with ivacaftor: Ddata from national US and UK registries.
J Cyst Fibros 2020;19:68–79
88. Misgault B, Chatron E, Reynaud Q, et al. Effect of one-year lumacaftor-
ivacaftor treatment on glucose tolerance abnormalities in cystic fibrosis patients. J
Cyst Fibros 2020;19:712–716
89. Moheet A, Beisang D, Zhang L, et al.; PROSPECT Investigators of the
Cystic Fibrosis Foundation Therapeutics Development Network. Lumacaftor/
ivacaftor therapy fails to increase insulin secretion in F508del/F508del CF
patients. J Cyst Fibros 2021;20:333–338
90. Piona C, Mozzillo E, Tosco A, et al. Impact of CFTR modulators on beta-cell
function in children and young adults with cystic fibrosis. J Clin Med 2022;11:4149
91. Scully KJ, Marchetti P, Sawicki GS, et al. The effect of elexacaftor/
tezacaftor/ivacaftor (ETI) on glycemia in adults with cystic fibrosis. J Cyst
Fibros 2022;21:258–263

diabetesjournals.org/diabetes Putman and Associates 687

https://diabetesjournals.org/diabetes


92. Segerstolpe Å, Palasantza A, Eliasson P, et al. Single-cell transcriptome
profiling of human pancreatic islets in health and type 2 diabetes. Cell Metab
2016;24:593–607
93. Baron M, Veres A, Wolock SL, et al. A single-cell transcriptomic map of
the human and mouse pancreas reveals inter- and intra-cell population
structure. Cell Syst 2016;3:346–360.e4
94. Nichols DP, Donaldson SH, Frederick CA, et al. PROMISE: working with the CF
community to understand emerging clinical and research needs for those treated
with highly effective CFTR modulator therapy. J Cyst Fibros 2021;20:205–212
95. Brennan AL, Gyi KM, Wood DM, et al. Airway glucose concentrations and
effect on growth of respiratory pathogens in cystic fibrosis. J Cyst Fibros
2007;6:101–109
96. Hunt WR, Zughaier SM, Guentert DE, et al. Hyperglycemia impedes lung
bacterial clearance in a murine model of cystic fibrosis-related diabetes. Am J
Physiol Lung Cell Mol Physiol 2014;306:L43–L49
97. Garnett JP, Kalsi KK, Sobotta M, et al. Hyperglycaemia and Pseudomonas
aeruginosa acidify cystic fibrosis airway surface liquid by elevating epithelial
monocarboxylate transporter 2 dependent lactate-H1 secretion. Sci Rep 2016;
6:37955
98. Bilodeau C, Bardou O, Maill�e �E, Berthiaume Y, Brochiero E. Deleterious
impact of hyperglycemia on cystic fibrosis airway ion transport and epithelial
repair. J Cyst Fibros 2016;15:43–51
99. Laffel LM, Kanapka LG, Beck RW, et al.; CGM Intervention in Teens and
Young Adults with T1D (CITY) Study Group; CDE10. Effect of continuous
glucose monitoring on glycemic control in adolescents and young adults with
type 1 diabetes: a randomized clinical trial. JAMA 2020;323:2388–2396
100. Wong JC, Foster NC, Maahs DM, et al.; T1D Exchange Clinic Network.
Real-time continuous glucose monitoring among participants in the T1D
Exchange clinic registry. Diabetes Care 2014;37:2702–2709
101. Chase HP, Beck RW, Xing D, et al. Continuous glucose monitoring in youth
with type 1 diabetes: 12-month follow-up of the Juvenile Diabetes Research
Foundation continuous glucose monitoring randomized trial. Diabetes Technol
Ther 2010;12:507–515
102. Karges B, Schwandt A, Heidtmann B, et al. Association of insulin pump
therapy vs insulin injection therapy with severe hypoglycemia, ketoacidosis,
and glycemic control among children, adolescents, and young adults with type 1
diabetes. JAMA 2017;318:1358–1366
103. Brown SA, Forlenza GP, Bode BW, et al.; Omnipod 5 Research Group.
Multicenter trial of a tubeless, on-body automated insulin delivery system with
customizable glycemic targets in pediatric and adult participants with type 1
diabetes. Diabetes Care 2021;44:1630–1640
104. Brown SA, Kovatchev BP, Raghinaru D, et al.; iDCL Trial Research
Group. Six-month randomized, multicenter trial of closed-loop control in type 1
diabetes. N Engl J Med 2019;381:1707–1717
105. Prahalad P, Tanenbaum M, Hood K, Maahs DM. Diabetes technology:
improving care, improving patient-reported outcomes and preventing complications
in young people with type 1 diabetes. Diabet Med 2018;35:419–429
106. Mueller-Godeffroy E, Vonthein R, Ludwig-Seibold C, et al.; German
Working Group for Pediatric Pump Therapy. Psychosocial benefits of insulin
pump therapy in children with diabetes type 1 and their families: the pumpkin
multicenter randomized controlled trial. Pediatr Diabetes 2018;19:1471–1480
107. Vesco AT, Jedraszko AM, Garza KP, Weissberg-Benchell J. Continuous
glucose monitoring associated with less diabetes-specific emotional distress
and lower A1c among adolescents with type 1 diabetes. J Diabetes Sci
Technol 2018;12:792–799
108. Papadakis JL, Anderson LM, Garza K, et al. Psychosocial aspects of
diabetes technology use: the child and family perspective. Endocrinol Metab
Clin North Am 2020;49:127–141
109. Bergenstal RM, Nimri R, Beck RW, et al.; FLAIR Study Group. A
comparison of two hybrid closed-loop systems in adolescents and young
adults with type 1 diabetes (FLAIR): a multicentre, randomised, crossover trial.
Lancet 2021;397:208–219

110. Pinsker JE, M€uller L, Constantin A, et al. Real-world patient-reported
outcomes and glycemic results with initiation of Control-IQ technology. Diabetes
Technol Ther 2021;23:120–127
111. Farrington C. Psychosocial impacts of hybrid closed-loop systems in the
management of diabetes: a review. Diabet Med 2018;35:436–449
112. Marks BE, Kilberg MJ, Aliaj E, et al. Perceptions of diabetes technology
use in cystic fibrosis-related diabetes management. Diabetes Technol Ther
2021;23:753–759
113. Frost F, Dyce P, Nazareth D, Malone V, Walshaw MJ. Continuous
glucose monitoring guided insulin therapy is associated with improved clinical
outcomes in cystic fibrosis-related diabetes. J Cyst Fibros 2018;17:798–803
114. Scully KJ, Palani G, Zheng H, Moheet A, Putman MS. The effect of
Control IQ hybrid closed loop technology on glycemic control in adolescents
and adults with cystic fibrosis-related diabetes. Diabetes Technol Ther 2022;
24:446–452
115. Sherwood JS, Jafri RZ, Balliro CA, et al. Automated glycemic control
with the bionic pancreas in cystic fibrosis-related diabetes: a pilot study. J
Cyst Fibros 2020;19:159–161
116. Kutney KA, Sandouk Z, Desimone M, Moheet A. Obesity in cystic
fibrosis. J Clin Transl Endocrinol 2021;26:100276
117. Moran A, Pillay K, Becker DJ; International Society for Pediatric and
Adolescent Diabetes. ISPAD clinical practice consensus guidelines 2014.
Management of cystic fibrosis-related diabetes in children and adolescents.
Pediatr Diabetes 2014;15(Suppl. 20):65–76
118. Kelly A, Sheikh S, Stefanovski D, et al. Effect of sitagliptin on islet
function in pancreatic insufficient cystic fibrosis with abnormal glucose
tolerance. J Clin Endocrinol Metab 2021;106:2617–2634
119. Geyer MC, Sullivan T, Tai A, et al. Exenatide corrects postprandial
hyperglycaemia in young people with cystic fibrosis and impaired glucose
tolerance: a randomized crossover trial. Diabetes Obes Metab 2019;21:700–704
120. Gregg EW, Li Y, Wang J, et al. Changes in diabetes-related complications
in the United States, 1990-2010. N Engl J Med 2014;370:1514–1523
121. Bjornstad P, Drews KL, Caprio S, et al.; TODAY Study Group. Long-term
complications in youth-onset type 2 diabetes. N Engl J Med 2021;385:416–426
122. Andersen HU, Lanng S, Pressler T, Laugesen CS, Mathiesen ER. Cystic
fibrosis-related diabetes: the presence of microvascular diabetes complications.
Diabetes Care 2006;29:2660–2663
123. Schwarzenberg SJ, Thomas W, Olsen TW, et al. Microvascular complications
in cystic fibrosis-related diabetes. Diabetes Care 2007;30:1056–1061
124. McColley SA, Martiniano SL, Ren CL, et al. Disparities in first evaluation
of infants with cystic fibrosis since implementation of newborn screening. J
Cyst Fibros 2023;22:89–97
125. Karter AJ, Ferrara A, Liu JY, Moffet HH, Ackerson LM, Selby JV. Ethnic
disparities in diabetic complications in an insured population. JAMA 2002;
287:2519–2527
126. Osborn CY, de Groot M, Wagner JA. Racial and ethnic disparities in diabetes
complications in the northeastern United States: the role of socioeconomic status.
J Natl Med Assoc 2013;105:51–58
127. Buu MC, Sanders LM, Mayo JA, Milla CE, Wise PH. Assessing
differences in mortality rates and risk factors between hispanic and non-
hispanic patients with cystic fibrosis in California. Chest 2016;149:380–389
128. Canedo JR, Miller ST, Schlundt D, Fadden MK, Sanderson M. Racial/
ethnic disparities in diabetes quality of care: the role of healthcare access and
socioeconomic status. J Racial Ethn Health Disparities 2018;5:7–14
129. Haw JS, Shah M, Turbow S, Egeolu M, Umpierrez G. Diabetes complications
in racial and ethnic minority populations in the USA. Curr Diab Rep 2021;21:2
130. Rogers CS, Hao Y, Rokhlina T, et al. Production of CFTR-null and CFTR-
DeltaF508 heterozygous pigs by adeno-associated virus-mediated gene targeting
and somatic cell nuclear transfer. J Clin Invest 2008;118:1571–1577
131. Rogers CS, Stoltz DA, Meyerholz DK, et al. Disruption of the CFTR gene
produces a model of cystic fibrosis in newborn pigs. Science 2008;321:1837–1841

688 Cystic Fibrosis–Related Diabetes Workshop Diabetes Volume 72, June 2023



132. Meyerholz DK, Stoltz DA, Pezzulo AA, Welsh MJ. Pathology of
gastrointestinal organs in a porcine model of cystic fibrosis. Am J Pathol
2010;176:1377–1389
133. Stoltz DA, Meyerholz DK, Pezzulo AA, et al. Cystic fibrosis pigs develop
lung disease and exhibit defective bacterial eradication at birth. Sci Transl
Med 2010;2:29ra31
134. Viotti Perisse I, Fan Z, Van Wettere A, et al. Sheep models of F508del
and G542X cystic fibrosis mutations show cellular responses to human
therapeutics. FASEB Bioadv 2021;3:841–854
135. Sun X, Yan Z, Yi Y, et al. Adeno-associated virus-targeted disruption of
the CFTR gene in cloned ferrets. J Clin Invest 2008;118:1578–1583
136. Sun X, Olivier AK, Liang B, et al. Lung phenotype of juvenile and adult
cystic fibrosis transmembrane conductance regulator-knockout ferrets. Am J
Respir Cell Mol Biol 2014;50:502–512
137. Yang D, Liang X, Pallas B, et al. Production of CFTR-DF508 rabbits.
Front Genet 2021;11:627666
138. Xu J, Livraghi-Butrico A, Hou X, et al. Phenotypes of CF rabbits
generated by CRISPR/Cas9-mediated disruption of the CFTR gene. JCI Insight
2021;6:e139813
139. Birket SE, Davis JM, Fernandez-Petty CM, et al. Ivacaftor reverses
airway mucus abnormalities in a rat model harboring a humanized G551D-
CFTR. Am J Respir Crit Care Med 2020;202:1271–1282

140. Henderson AG, Davis JM, Keith JD, et al. Static mucus impairs bacterial
clearance and allows chronic infection with Pseudomonas aeruginosa in the
cystic fibrosis rat. Eur Respir J. 3 February 2022 [Epub ahead of print]. DOI:
10.1183/13993003.01032-2021
141. Birket SE, Davis JM, Fernandez CM, et al. Development of an airway
mucus defect in the cystic fibrosis rat. JCI Insight 2018;3:e97199
142. Stalvey MS, Havasi V, Tuggle KL, et al. Reduced bone length, growth
plate thickness, bone content, and IGF-I as a model for poor growth in the
CFTR-deficient rat. PLoS One 2017;12:e0188497
143. Tuggle KL, Birket SE, Cui X, et al. Characterization of defects in ion
transport and tissue development in cystic fibrosis transmembrane conductance
regulator (CFTR)-knockout rats. PLoS One 2014;9:e91253
144. Gawenis LR, Hodges CA, McHugh DR, et al. A BAC transgene expressing
human CFTR under control of its regulatory elements rescues Cftr knockout mice.
Sci Rep 2019;9:11828
145. Darrah R, Bederman I, Vitko M, Valerio DM, Drumm ML, Hodges CA.
Growth deficits in cystic fibrosis mice begin in utero prior to IGF-1 reduction.
PLoS One 2017;12:e0175467
146. Grubb BR, Boucher RC. Pathophysiology of gene-targeted mouse
models for cystic fibrosis. Physiol Rev 1999;79(Suppl.):S193–S214
147. Grubb BR, Gabriel SE. Intestinal physiology and pathology in gene-
targeted mouse models of cystic fibrosis. Am J Physiol 1997;273:G258–G266

diabetesjournals.org/diabetes Putman and Associates 689

https://doi.org/10.1183/13993003.01032-2021
https://diabetesjournals.org/diabetes

