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ARTICLE INFO ABSTRACT

Keywords: Cystic fibrosis related diabetes (CFRD) generally reflects insufficient and/or delayed production of insulin,

CFTR developing slowly over years to decades. Multiple mechanisms have been implicated in the pathogenesis of

Genetic modifiers CFRD. CFTR function itself is a strong determinant of CFRD risk. Variants in CFTR that result in residual CFTR

B cell function and exocrine pancreatic sufficiency reduce the risk of CFRD by ten to twenty fold. Two groups of hy-
potheses have been proposed for the mechanism of CFTR impairing insulin secretion in CFRD: (1) p-cell
dysfunction results from p cell intrinsic CFTR-dependent mechanisms of insulin secretion. (2) p-cell dysfunction
results from factors outside the p cell. Genome-wide association studies have identified multiple susceptibility
genes for type 2 diabetes, including TCF7L2, CDKN2A/B, CDKALI, and IGF2BP2, as containing genetic modifiers
of CFRD. These findings support the presence of intrinsic p cell defects playing a role in CFRD pathogenesis.
Oxidative stress and inflammation are f cell-extrinsic mechanisms involved with CFRD. CFTR mutations render §
cells more susceptible to oxidative stress and also leads to defects in a-cell function, resulting in reduced sup-
pression of glucagon secretion. Furthermore, CFRD is characterized by f cell loss secondary to intra-islet
inflammation. Recent studies have demonstrated the presence of multiple inflammatory mediators within the
human CF islet. This review presents a concise overview of the current understanding of genetic modifiers of
CFRD, oxidative stress, islet inflammation, and the controversies about the role of CFTR in the islet.

Introduction

The etiology of Cystic fibrosis related diabetes (CFRD) is complex
and the mechanisms leading to its development are multifactorial. Ge-
netic modifiers, islet inflammation and CFTR dysfunction play a role in
CFRD pathogenesis. Structural abnormalities such as reduced p cell
mass, function, or a combination of both [1-4] also result in insulin
deficiency, leading to glucose intolerance and CFRD. A recent study by
Bogdani et al revealed several structural abnormalities in adult CFRD
pancreata; islet injury with reduction in islet density, decreased relative
beta-cell number, and presence of amyloid deposits. Additional analysis
in young CF pancreata showed more than a 50% reduction in the relative
number of p cells, which displayed significantly smaller insulin-positive
areas, and reduced p cell proliferation and neogenesis [5]. These find-
ings suggest that an early deficiency in f cell number in infants with CF
may contribute to the development of glucose intolerance and CFRD
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later in life.

This review will discuss the mechanisms that have been implicated in
the pathogenesis of CFRD, focusing on genetic factors (CFTR and other
genes), and nongenetic processes including oxidative stress and islet
inflammation leading to p cell dysfunction (Fig. 1).

Genetic modifiers

It has long been noted that the severity of CFTR mutation seems to be
correlated with the likelihood of developing CFRD. In a recent article by
Lin et al, the strongest predictors of detecting early or late onset of CFRD
included sex, CFTR severity score, and several genetic variants [6]. More
severe CFTR gene mutations result in phenotypes with more significant
exocrine pancreatic disease, thereby causing increased scarring and
destruction of beta cells. In 2014, Soave et al noted that those with more
severe CFTR mutations had more rapidly declining -circulating
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immunoreactive trypsinogen (IRT) which reflected the degree of
pancreatic damage, reduction in acinar tissue and an increased risk of
CFRD. They showed that infants born with lower IRT had a higher risk of
CFRD compared to infants born with similarly severe genotypes but
higher IRT levels [7].

Even among people with the same causal CFTR variants, there re-
mains wide variation in the risk and age of onset of CFRD. A twin study
showed concordance rate for diabetes to be higher in monozygous twins
with CF than in siblings or dizygous twins, which led the authors to
conclude that genetic modifiers (variants in genes other than CFTR) are
a major cause of this variation in CFRD onset rather than nongenetic
factors [8]. For example, variants in the SLC26A9 gene appear to confer
increased or decreased risk of CFRD. SLC26A9 encodes a chloride and
bicarbonate channel present in epithelium. It can interact with CFTR
which alters the function of both channels. Interestingly, SLC26A9
seems to modify the risk of CFRD development independently of the
history of meconium ileus, which is a marker of pancreatic exocrine
insufficiency [9]. The variants associated with lower CFRD risk were
found to have increased promoter activity, suggesting that SLC26A9
could act as an alternative pathway for chloride and bicarbonate, miti-
gating the effect of the loss of CFTR in pancreatic ductal cells [9,10].

A number of CFRD genetic modifiers are known risk variants for type
2 diabetes. In a 2009 family and case-control study, Blackman et al re-
ported that the same variant in TCF7L2 which is associated with type 2
diabetes, was also associated with increased CFRD risk and earlier age of
onset [11]. Involvement of TCF7L2 may affect p cell mass and proinsulin
processing [12]. In 2013, Blackman et al reported findings of genome-
wide association and candidate-based approaches in 3,059 individuals
with CF of which 644 had CFRD. They were able to replicate the finding
that SNPs in TCF7L2 were associated with CFRD. They further identified
3 novel genetic modifiers of CFRD in known susceptibility alleles for
T2DM. SNPs at or near CDKAL1, CDKN2A/B and IGF2BP2 were asso-
ciated with CFRD [9]. Variants in CDKAL1 have been shown to reduce
glucose-stimulated proinsulin synthesis and to increase expression of
endoplasmic reticulum stress-related genes [13]. The exact mechanism
by which CDKN2A/B locus influences diabetes risk remains unknown,
but it has a reported role in insulin secretion [14]. IGF2BP2 variants are
associated with reduced insulin secretion [15].

In 2020, Aksit et al reported on a larger genome-wide association
study for CFRD in 5740 individuals with CF (1341 with CFRD), which
notably included the subjects from the 2013 GWAS study referenced
above. Genome-wide significance with CFRD age at onset was obtained
for variants at a novel locus, PTMA, as well as for previously described
variants in TCF7L2 and SLC26A9. PTMA encodes Prothymosin-a (ProT),
which is involved in oxidative stress, inflammation, cell proliferation,
and apoptosis [16]. In the same study, weighted polygenic risk scores
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(PRSs) for type 1 diabetes, T2D and diabetes endophenotypes were
tested for association with CFRD. They found that CFRD was strongly
associated with PRSs for T2D, insulin secretion, post challenge glucose
concentration and fasting plasma glucose and less strongly with T1D
PRSs. CFRD was inconsistently associated with PRSs for insulin sensi-
tivity and was not associated with a PRS for islet autoimmunity. They
concluded that CFRD risk correlates strongly with genetic risk of T2D
and weakly with that of T1D, and that genetic modification of CFRD
incorporates pathways both in common with and dissimilar to T2DM.
The overlapping genetic variants in CFRD and T2D affect p-cell function
and not insulin sensitivity which supports the hypothesis that CFRD is
more related to a defect in insulin secretion than insulin resistance [16].

Inflammation
Pancreatic insufficiency

Only ~ 3% of patients with CF are born with exocrine pancreatic
insufficiency, whereas most are pancreatic sufficient at birth with rela-
tively mild lesions, such as dilation of the duct and acinar lumen
[17,18]. By the end of the first year, about 85% of patients with cystic
fibrosis will have developed exocrine pancreatic insufficiency [19].
Previous studies have suggested that pancreatic exocrine insufficiency is
a risk factor for the development of CFRD. Patients with pancreatic
insufficiency have a low bicarbonate to chloride transport ratio [20].
CFTR dysfunction reduces bicarbonate-rich secretions from pancreatic
ducts which prevents fluid movement [21]. This causes auto-digestion of
the surrounding pancreatic tissue, leading to fibrosis and loss of both the
exocrine and endocrine pancreatic tissue. In additional to functional
abnormalities, there is clearly a structural component to development of
CFRD. This is referred to as the “bystander theory,” where islet cells are
obliterated in the midst of pancreatic exocrine tissue destruction [22].
This suggests that pancreatic insufficiency progressively causes damage
to the islets, which can lead to insulin deficiency. Furthermore,
pancreatic insufficiency and diminished bile acid cause malabsorption
of important fat-soluble antioxidants, such as carotenoids, tocopherols,
and coenzyme Q-10, further increasing oxidative stress [23].

Oxidative stress

Oxidative stress and inflammation are major factors in CF patho-
physiology in the lungs and pancreas. Due to chronic inflammation,
activated neutrophils and macrophages release reactive oxygen species
(ROS) against bacteria, leading to oxidative stress [24]. Increased ROS
production is associated with altered glucose metabolism since p-cells
are particularly sensitive to oxidative stress, due to their poor
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Fig. 1. The complex pathogenesis of CFRD.
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antioxidant capacities [25]. Raised levels of peroxidized fats and oxy-
sterols are present in CF plasma, indicating abnormal lipid metabolism
and increased susceptibility to oxidation of lipoprotein lipids [26].
Malabsorption of fat-soluble antioxidants such as carotenoids, tocoph-
erols and coenzyme Q (10), results in increased oxidative stress. Thus,
CF patients show raised susceptibility to oxidative stress, which may
affect p cells in vivo in the same way demonstrated in vitro by Ntimbane
et al. [27]. These effects are likely to develop over time and lead to
gradual decline seen in glucose tolerance in CF. Mutations in CFTR can
render f cells more susceptible to oxidative stress. § cell lines in which
CFTR is silenced displayed higher levels of lipid peroxides, NF-kB
signaling, and reduced antioxidant enzyme activity (SOD, catalase, and
glutathione peroxidase) [27].

Recurrent bacterial infections

Some studies suggest that infection of the airways trigger inflam-
mation, whereas others demonstrate the presence of an inflammatory
response in the absence of lung infection. Acute infections tend to be
more consistently associated with increased insulin resistance in cystic
fibrosis [28], presumably because of elevated levels of inflammatory
cytokines and stress hormones. In the setting of reduced insulin secre-
tion, changes in insulin resistance may be a major determinant of
glucose tolerance [29].

Islet inflammation

Hart et al presented a detailed characterization of an increased in-
flammatory potential within the human CF islet that is evidenced by
increased expression of several cytokines/chemokines (including IL6,
IL1B, CXCL10) and high levels of TNF-a and IFN-y production by stim-
ulated T cells isolated from CF islets [30]. They postulated that islet
isolation from the CF pancreas removes the islet from the inflammatory
environment, limiting the effect of cytokines/chemokines, and allowing
for relatively normal in vitro islet secretion of insulin and glucagon.
Thus, it was proposed that intra-islet and islet-proximal immune cells
were stimulated in vivo by exocrine tissue destruction and remodeling to
produce and secrete chemokines/cytokines, which are known to impair
islet secretory function [31]. These results indicated that CFRD is caused
by B cell loss and intra-islet inflammation in the setting of a complex
disease.

The controversies about the role of CFTR

Decreased insulin secretion from the pancreas is the most prominent
defect in CFRD, but the mechanism by which the CFTR influences insulin
secretion remains debated. Furthermore, CFTR expression in islet cells
has been a subject of some controversy. Two major hypotheses have
been proposed for the pathogenesis of impaired insulin secretion in
CFRD: (1) p-cell dysfunction due to intrinsic CFTR-dependent mecha-
nisms of insulin secretion. (2) p-cell dysfunction resulting from
pancreas-extrinsic CFTR defects.

A role for an intrinsic p-cell defect is supported by the results of
experimental studies in human and mouse islets. Loss of CFTR function
in cell lines, cultured rodent/ferret and human islets has been reported
to impair insulin secretion [32-35] and augment glucagon secretion
[35,36]. This suggests that loss of CFTR function in islets contributes to
CFRD via intrinsic disruption of § and « cell stimulus-secretion coupling.
CFTR plays a role in glucagon suppression; CFTR expression has been
found in glucagon-secreting human and rodent o cells [35,37] and was
implicated in the regulation of glucagon secretion via adenosine
triphosphate-sensitive K+ (KATP) channels. o cells have a KCl co-
transporter which maintains a low level of chloride in the cell. The
opening of CFTR, thus, induces chloride entry, causing membrane hy-
perpolarization, and inhibiting glucagon secretion. CFTR dysfunction
results in impaired glucagon suppression, which is observed in CFRD
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patients [38]. Huang et al used a CFTR mutant mouse model to explore
the role of CFTR in regulating glucagon secretion and showed that CFTR
negatively regulates glucagon secretion by potentiating KATP channels
[36].

Impaired first-phase insulin response reported in CF, is primarily due
to the absence of functional CFTR in animal [34,39] and human [40]
studies. Olivier et al [34] showed reduced first-phase insulin secretion
and abnormal glucose tolerance in fasted newborn CFTR—/— ferrets, a
phenotype notably similar to CF human infants.

A previous study by Guo et al. [33] reported a functional role of the
CFTR in f cells and insulin secretion. They found that the CFTR channel
in p cells can be activated by glucose and its Cl~ efflux contributes to the
glucose-induced membrane depolarization and action potentials, lead-
ing to Ca®* influx required for insulin secretion. Glucose elicited mem-
brane depolarization, calcium oscillations, and insulin secretion were
abolished or reduced by inhibition or knockdown of CFTR in primary
mouse f cells and p cell lines. These observations imply that CFTR C1™
channel play an important role in glucose-induced membrane depolar-
ization, which stimulates insulin secretion in pancreatic cells via the
elevation of the cytosolic Ca%* concentration.

Using a CFTR mutant (DF508) mouse model and a CFTR-
overexpressing AlphaTC1-9 cell line, Huang et al. [36] explored the
role of CFTR in the regulation of glucagon secretion by « cells. The re-
sults demonstrated that CFTR negatively regulates glucagon secretion by
potentiating adenosine triphosphate-sensitive K™ (KATP) channels, a
defect of which results in excessive glucagon secretion found in CFTR
mutant (DF508) mice/islets. These results suggest that dysregulated
glucagon secretion due to CFTR mutations in a cells may also contribute
to the glucose intolerance in CF patients leading to CFRD.

Di Fulvio et al demonstrated heterogeneous CFTR expression in
human, mouse and rat f-cells and provided evidence that pharmaco-
logical inhibition of CFTR influences basal and stimulated insulin
secretion in normal mouse islets but not in islets lacking this channel,
despite being detected by electrophysiological means in ~ 30% of
B-cells. Their results demonstrated a potential role for CFTR in the
pancreatic p-cell secretory response and allow us to hypothesize that a
defect in CFTR function could lead to abnormal f-cell electrophysio-
logical properties underlying insulin secretion [41].

Conversely, other studies of humans and CF animal models have
suggested that CFRD results from CF-induced pancreatic autodigestion,
inflammation, and reduction of § cell mass [1,42,43] causing insuffi-
cient islet hormone secretion [43-45]. These findings are supported by
an association between CFRD, exocrine disease severity, and pancreatic
insufficiency. Further investigations in an F508del mouse model confirm
a significant reduction in glucose-induced insulin secretion in islets
studied ex vivo. The authors concluded that the observed reduction in
insulin secretion was directly proportional to the reduction in insulin
content, and did not occur as a result of a CFTR-induced beta cell insulin
secretory defect [39].

To elucidate the underlying causes of CFRD and the role of CFTR in
islet cell function, Hart et al generated acute and chronic models of
cell-specific CFTR deletion and investigated the effects of CFTR loss on
glucose tolerance and f cell function. They showed that CFTR does not
intrinsically regulate a or p cell function and that the etiology of CFRD is
largely dependent on islet loss and intra-islet inflammation in the setting
of a complex and progressive multiorgan disease [30].

Sun et al investigated the CFTR-dependent islet-autonomous mech-
anisms affecting insulin secretion by using islets isolated from CFTR
knockout ferrets. Total insulin content was lower and glucose-
stimulated insulin secretion was impaired in neonatal CF islets, with
reduced first, second, and amplifying phase secretion. Interleukin (IL)-6
secretion by CF islets was higher and IL-6 treatment of WT ferret islets
produced a CF-like phenotype with reduced islet insulin content. Phar-
macologic inhibition of CFTR reduced glucose-stimulated insulin
secretion by WT ferret and human islets but similarly reduced insulin
secretion and intracellular Ca?* in CFTR knockout ferret islets,
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indicating that the mechanism of action is not through CFTR. Single-
molecule fluorescence in situ hybridization on isolated ferret and
human islets and ferret pancreas, demonstrated that CFTR RNA co-
localized within KRT7 + ductal cells but not endocrine cells. These re-
sults suggest that islet-associated exocrine cells express the majority of
CFTR within islets and probably influence f-cell function through
exocrine-derived factors such as IL-6 that alter properties of the islet,
including insulin content [46]. White et al demonstrated that in situ
CFTR mRNA expression was present in only a very small minority (<1%)
of normal adult p-cells. This indicates that although CFTR is indeed
expressed in a few p-cells in the adult human islet, but the expression is
considered be low and unlikely to play a role on f-cell function [47].

Although the above mentioned studies support each of these hy-
potheses, the question of whether CFTR functions within the p-cell
continues to be a subject of debate.

Conclusion

The pathophysiology of CFRD is complex and likely multifactorial.
Despite recent advances in our knowledge of CFRD pathogenesis, insulin
deficiency is recognized as a primary defect, with additional factors,
including genetic modifiers, oxidative stress and inflammation seeming
to play vital roles. However, the relative importance and contribution of
each process is still unknown. Based on the current scientific evidence, it
seems reasonable to postulate that intrinsic p-cell defects due to CFTR
gene mutations alters membrane potential in the islet, increasing
oxidative stress and intra-islet inflammation leading to gradual loss of
B-cell mass and insulin deficiency.

Future studies investigating the effect of early initiation of CFTR
modulator therapy on oxidative stress, inflammation and p-cell function
are warranted.
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