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Cystic fibrosis (CF) is a recessive disorder arising from mu-
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
association with increased morbidity, 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 spedialized 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 CERD 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 CERD,
and the effect of CFTR modulator therapy on glucose and in-
sulin homeostasis. The following sections provide a summary
of the sdentific presentations and discussion, updated with
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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, incuding lung
disease and PL In contrast, some of the disease-causing var-
iants produce a CFTR protein with a small amount of residual
function, resulting in somewhat milder 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
specific HEMT agents used must be matched to the CFTR 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 and HEMT (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 CERD (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
CERD 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 (3-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 dinical
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
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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
CERD (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—P-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. CFIR 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 -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-
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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, incdud-
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
CERD 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 Ca®" 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
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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.

® FElucidate 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 dinical 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 dinical 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 dini-
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:

® DProspective, 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 CERD, 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 sputumn) 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
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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, incduding 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 indude 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 indude 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 CFE.

® 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
CEFTR-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
CERD 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 CEFTR modulation versus indirect insulin secretion im-
provements secondary to reductions in systemic or peti-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, induding 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.
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® 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.

® (larify whether initiation of HEMT at a young age, poten-
tially even in infancy, impacts 3-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, induding insulin administration, car-
bohydrate counting, and glucose monitoring, adds a significant
burden to the medical care of people with CE. 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 benefidial 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);
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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, incduding 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.

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

® (larify 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 CERD could
increase (122). Microvascular complications in CFRD have
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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 CERD 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

o Optimization in the presence of frequent illness
and CF medications

© Noninsulin therapies to treat CFRD

® DPrevention 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.
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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 dinical 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, incuding 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.
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