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Abstract: Cystic fibrosis (CF) is a life-limiting autosomal recessive multisystem disease. While its

burden of morbidity and mortality is classically associated with pulmonary disease, CF also pro-

foundly affects the gastrointestinal (GI) tract. Chronic low-grade inflammation and alterations to the

gut microbiota are hallmarks of the CF intestine. The etiology of these manifestations is likely multi-

factorial, resulting from cystic fibrosis transmembrane conductance regulator (CFTR) dysfunction,

a high-fat CF diet, and the use of antibiotics. There may also be a bidirectional pathophysiological

link between intestinal inflammation and changes to the gut microbiome. Additionally, a growing

check for body of evidence suggests that these GI manifestations may have significant clinical associations

updates with growth and nutrition, quality of life, and respiratory function in CF. As such, the potential
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Intestinal Inflammation and

utility of GI therapies and long-term GI outcomes are areas of interest in CF. Further research in-
volving microbial modulation and multi-omics techniques may reveal novel insights. This article
Alterations in the Gut Microbiota in provides an overview of the current evidence, pathophysiology, and future research and therapeutic
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1. Introduction
Stefano Stagi

Cystic fibrosis (CF) is a life-limiting multisystem autosomal recessive disease most
Received: 21 December 2021 commonly occurring in Caucasian populations [1-4]. CF is caused by mutations in the
Accepted: 25 January 2022 cystic fibrosis transmembrane conductance regulator (CFTR) gene, resulting in dysfunction
Published: 27 January 2022 of the CFTR protein. To date, over 2000 mutations have been identified in the Cystic Fibro-
Publisher’s Note: MDPI stays neutral ~ Sis Mutation Database (www.genet.sickkids.on.ca, accessed on 24 November 2021) [5-8].
with regard to jurisdictional claims in ~ While the burden of morbidity and mortality in CF is classically associated with pulmonary
published maps and institutional affil- ~ disease, CFTR dysfunction also has far-reaching extrapulmonary sequelae [8,9]. These
iations. include exocrine pancreatic insufficiency [10], pancreatitis [11,12], liver disease [13-16],
CF-related diabetes [17,18], and male infertility [19,20]. With advances in targeted therapies,
the life expectancy of people with CF has increased, but our understanding of the disease
- is incomplete and there is still no cure [3,4]. Moreover, people with CF now have improved
nutritional and pulmonary outcomes and live well into adulthood [21-23]. Correspond-
ingly, extrapulmonary complications, including gastrointestinal (GI) issues, have emerged
as priorities [24]. In this article, we review two important manifestations of CF in the
gastrointestinal tract, namely, intestinal inflammation and alterations in the gut microbiota,
with a focus on the existing evidence, pathophysiology, and future research and therapeutic
directions of these aspects.
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2. CFTR in the Gastrointestinal Tract

CFTR is an epithelial cyclic adenosine monophosphate (cCAMP)-dependent anion-
selective channel [2,7,25]. The CFTR protein is expressed throughout the GI tract, primarily
in the small and large intestines. It exists in a gradient of decreasing concentration from
the proximal to distal intestine, and its concentration is generally highest in the intestinal
crypts [26-28]. In the gastrointestinal tract, CFIR is a key player in chloride and bicar-
bonate secretion, particularly in the duodenum, where pH is critical; this corresponds to
the high expression of CFTR in the proximal small intestine [29]. CFTR also indirectly
maintains water homeostasis by influencing osmotic pressure through the passage of ions.
Additionally, it exerts regulatory effects on other ion channels (i.e., sodium, potassium,
calcium, and other chloride channels), maintains tight junctions in the intestinal epithelium,
and modulates the pH of secretions [30,31].

3. Intestinal Inflammation
3.1. The Intestine Is a Site of Inflammation in CF

In light of the homeostatic role of CFTR in the GI tract, there is a robust body of
evidence to support the presence of chronic intestinal inflammation in CF. Whole-gut
lavage [32], endoscopy [33,34], capsule endoscopy [35,36], and analyses of fecal inflam-
matory markers [35-47] have highlighted this phenomenon. Using whole gut lavage,
Smyth et al. first reported in 2000 that circulating concentrations of inflammatory markers,
including interleukin (IL)-8, IL-1f3, albumin, immunoglobulin (Ig) M, IgG, neutrophil elas-
tase and eosinophil cationic protein (ECP), were elevated in people with CF compared to
immunologically normal controls [32]. In the same year, Raia et al. reported their findings
from duodenal endoscopy and biopsy [33]. They found that although the duodenal mucosa
appeared to be morphologically normal in their cohort of 14 patients with CF, the mononu-
clear cells in the lamina propria of the CF intestine characteristically exhibited an increased
expression of immunologic markers such as intercellular adhesion molecule (ICAM)-1,
IL-2 receptor, IL-2, interferon (IFN)-y and cluster of differentiation (CD) 80, which was not
observed in non-CF controls with other GI conditions. However, the study only investi-
gated individuals with CF who were at risk of GI disease, including those presenting with
recurrent vomiting and raised serum anti-gliadin antibodies (a marker of celiac disease).
Subsequently, using capsule endoscopy, Werlin et al. investigated small bowel disease in
CF and reported a high prevalence of mucosal pathologies such as edema and ulcerations
in patients with CF, even among those with normal fecal inflammatory marker levels [35].
These findings were later echoed by Flass et al., who also utilised capsule endoscopy and
reported intestinal mucosal lesions in patients with CF, both in those with and without
CF-related liver disease, although the frequency was higher in those with cirrhosis [36].
More recently, Brecelj and colleagues utilised endoscopy to investigate esophageal mucosal
integrity and found that compared to children without CF, children with CF exhibited
more severe histopathological changes in the esophageal mucosa, even amongst those with
CF who did not have gastro-esophageal reflux disease (GERD) [34]. This suggests that
there is likely a process intrinsic to CF that is associated with reduced epithelial integrity,
irrespective of iatrogenic or pathological interferences. In support of this, CFTR modu-
lation has been shown to promote the resolution of intestinal histopathological changes
(i.e., inspissated mucus in intestinal crypts) seen in CF [48].

Elevated fecal inflammatory markers including calprotectin, M2-pyruvate kinase
(M2-PK) and rectal nitric oxide (NO) in people with CF have been reported in a rela-
tively large number of studies. Fecal calprotectin has been assessed in the majority of
Gl-inflammation-related research in CF, and the general consensus is that it is consistently
elevated in patients with CF compared to healthy controls [35-47]. However, the clinical
utility of these findings ought to be interpreted with caution because studies regarding fecal
calprotectin in people with CF have utilised different reference ranges of calprotectin with
great inconsistency in the literature. There is also variability in the performance of commer-
cially available calprotectin assays. Five studies [35,37-40] conducted from 2004 to 2017 de-
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fined elevated calprotectin as a measurement of >50 ug/g, whereas another five [36,41-44]
conducted between 2014 and 2018 used an upper limit of >100 or 120 pg/g. A further
three studies [45-47] conducted in 2019-2021 defined the upper limit as >200 or 250 ug/g;
these studies largely did so on the basis of established cut-off values for the diagnosis and
monitoring of pediatric inflammatory bowel disease (IBD) [49,50]. However, prior studies
have shown that fecal calprotectin was higher in children with CF compared to healthy
controls but lower than in children with IBD [46]. There also appears to be a gradation effect
in CF, where fecal calprotectin levels are significantly elevated in pancreatic insufficient
(PI) patients but normal or near-normal in those who are pancreatic sufficient (PS) [51]. It
remains unclear whether reference ranges that are useful in IBD are equally applicable in
CF, especially considering CF-related intestinal inflammation differs clinically from IBD
and likely has unique pathophysiology [51]. Furthermore, several studies have reported
that pulmonary exacerbations may inflate the levels of calprotectin [52-54]. Therefore, the
measurement of fecal calprotectin levels in CF requires careful interpretation.

At present, there is no clear consensus on the clinical approach to CF intestinal in-
flammation. Patients with CF often experience vague, non-specific abdominal symptoms,
such as abdominal pain and flatulence, and do not typically present with classic IBD-like
symptoms [7,55,56]. The question remains as to whether chronic low-grade intestinal
inflammation is simply a natural and benign feature of CF or an under-recognised malady
warranting treatment.

3.2. Pathogenesis of Intestinal Inflammation in CF
3.2.1. CFIR Dysfunction

The pathogenesis of CF-related intestinal inflammation is likely multifactorial, involv-
ing both intrinsic and iatrogenic factors (Figure 1). CFTR dysfunction is postulated to be
a major contributor. Faulty ion transport due to CFTR gene mutations leads to mucus
hyperviscosity and impaired bicarbonate secretion, which, together, amount to GI dys-
function, hyperacidity, and subsequent inflammation [57,58]. It has also been shown that
CFTR itself exerts regulatory effects on inflammatory responses, often by downregulating
pro-inflammatory pathways [59]. This is supported by various mouse intestine and human
cell line models in which CFTR defects resulted in the upregulation of pro-inflammatory
pathways, particularly nuclear factor kappa B (NF-«B)-mediated cascades, which potenti-
ated the secretion of inflammatory cytokines such as IL-6 and IL-8 [31,60,61]. Than et al.
also demonstrated that CFTR-deficient tissues exhibit the upregulated expression of pro-
inflammatory genes, including the inflammation and oncogenesis-associated S100A gene
family [62]. Furthermore, it has been reported that the induction of human 3-defensin 2, an
anti-microbial protein normally prominent in inflamed states, is impaired in CF even when
fecal calprotectin is elevated. This suggests that CF may be associated with a defective
enteric innate immune response, which could contribute to an inadequate host response
to pathogens and the subsequent development of inflammation [63]. Altogether, these
findings are clinically corroborated by recent reports that treatment with CFTR modula-
tors such as Ivacaftor and Lumacaftor/Ivacaftor reduced the level of fecal inflammatory
markers in patients with CF, although there have been limited studies [64-66].
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Figure 1. Factors contributing to the cystic fibrosis intestine. The pathogenesis of CF intestinal
inflammation and alterations to the intestinal microbiota is multifactorial and complex. A number
of intrinsic and iatrogenic mechanisms have been proposed, and it is likely a combination of these
mechanisms that culminate in the CF intestine. (This figure was created with BioRender.com.).

3.2.2. Intestinal Dysmotility

Intestinal dysmotility and the pooling of inspissated intraluminal contents may be
another pathogenetic factor in CF intestinal inflammation and disease [58,67,68]. In ani-
mal models, CF has been associated with a prolonged intestinal transit time and enteric
muscular dysfunction [69-71]. In human studies, Hedsund et al. utilised a radio-opaque
marker and reported a significantly increased orocecal transit time in patients with CF
compared to healthy controls [72]. Interestingly, however, they noted that the overall
contractility patterns and frequencies were similar between both groups, although CF
patients demonstrated a normal or increased upper GI transit time and decreased lower GI
transit time [72]. Using capsule endoscopy, Malagelada and colleagues also discovered that
intestinal contractility was significantly reduced in association with the increased retention
of luminal contents in people with CF compared to healthy controls [67]. More recently,
Ng et al. demonstrated through novel magnetic resonance imaging (MRI) techniques that
orocecal transit times were increased in CF in addition to evidence of increased colonic
volumes [73]. The mechanism by which CFTR dysfunction relates to gut dysmotility is
unknown, but it has been hypothesised that CF may be linked to alterations in eicosanoid
metabolism, resulting in increased levels of prostaglandin E2 that may exert inhibitory
effects on enteric smooth muscle [74]. Evidence has also emerged to indicate that CFTR
may have critical functions beyond ion transport. It has been demonstrated that CFIR is
present in myenteric ganglia and may modulate enteric neurotransmission by mediating
acetylcholine release, thereby regulating gut motility [75,76]. As such, dysmotility in CF
and subsequent inflammation may, in part, be due to an aberrant enteric nervous system;
however, this hypothesis has not yet been extensively explored.

3.2.3. Intestinal Dysbiosis

Intestinal dysbiosis (i.e., alterations in microorganism composition of the gut) is also
thought to contribute to intestinal inflammation. A reduction of commensal bacteria known
to have anti-inflammatory properties, such as the Ruminococcaceae family, has been ob-
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served in patients with CF [77]. These reductions resemble findings in IBD, which suggests
that dysbiosis is involved in enteric inflammatory processes [46]. In contrast, pathogenic
and inflammation-associated organisms have been documented to be increased in CF. For
example, Hoffman et al. reported a significantly increased abundance of Escherichia coli,
an organism associated with IBD and GI inflammation [78]. This increase in E. coli was
correlated with fecal calprotectin [78]. Several clinical trials have also identified an as-
sociation between probiotic administration and decreased levels of inflammatory mark-
ers, which may indicate a reduction in, or even reversal of, gut inflammation upon the
restoration of healthy microbiota [37,41,79,80]. These findings have been corroborated by
meta-analysis [81]. Nevertheless, the physiological link between the gut microbiome and
intestinal inflammation remains incompletely understood. More robust and longitudi-
nal trials are needed to validate existing findings in probiotic administration, along with
mechanistic studies designed to interrogate the host-microbiome interactions that drive
inflammation in CF and vice versa.

3.2.4. Increased Intestinal Permeability

Increased intestinal permeability has been reported in CF, but its relevance to inflam-
mation has not yet been elucidated. Dysfunction of the intestinal epithelial barrier and
alterations to tight junctions are thought to undermine epithelial integrity, thus allow-
ing the translocation of microbes and pro-inflammatory substances. This subsequently
induces inflammatory changes, which may, in turn, alter the microbiome and promote
dysbiosis [82]. In CF mouse models, impaired epithelial function and altered localisation
of tight junction proteins have been observed [83,84]. Various human studies using sugar
absorption analyses (i.e., urinary lactulose to mannitol ratio) have also shown that intesti-
nal permeability is increased in people with CF [36,85-88]. Factors reportedly associated
with increased intestinal permeability include the delta F508 mutation [85] and pancreatic
insufficiency [86,87]. Interestingly, however, Flass et al. found no significant association
between increased intestinal permeability and elevated fecal calprotectin [36]. This stands
in contrast to multiple studies that have reported a correlation between increased intestinal
permeability and IBD [89-91]. Nonetheless, it must be noted that epithelial barrier dysfunc-
tion alone may not necessarily lead to mucosal inflammation as the complex interactions
between the epithelium, immune cytokines, microbiota, and homeostatic pathways also
exert a crucial influence on mucosal integrity and health [92]. Further research is needed
to examine the relationship between intestinal permeability and GI inflammation in CF,
particularly owing to a lack of recent CF-specific studies in this domain.

3.3. Clinical Correlations with Intestinal Inflammation
3.3.1. Exocrine Pancreatic Status, Age, and Lung Function

GI inflammation in CF is not only challenging to understand in itself but is also
complicated by dynamic interactions with intrinsic and extrinsic factors that may be of
clinical significance. Firstly, the relationship between exocrine pancreatic function and
intestinal inflammation remains contentious. Some studies have reported that patients
with exocrine pancreatic insufficiency have significantly higher fecal calprotectin than their
pancreatic sufficient counterparts [40,42], whereas other studies have found no difference
between the two groups [38,53]. Perhaps these conflicting findings reflect the continuum of
exocrine pancreatic function seen in the CF population, wherein various mutations and their
consequent severities of CFTR dysfunction result in a diverse range of intestinal phenotypes.
Furthermore, it is unclear to what extent age relates to gut inflammation. Wiecek et al. [53]
reported that elevated calprotectin was more frequent in older children (age > 6 years) than
in younger children under 6 years; similarly, Parisi et al. [42] reported that patients over
18 years of age had significantly higher fecal calprotectin levels than patients under 18.
Rumman et al. [38] also found that calprotectin correlated positively with age. Interestingly,
in a longitudinal study, Garg et al. demonstrated that children with CF paradoxically
had lower calprotectin than healthy infants from birth up to 1 year but demonstrated
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an upward trajectory in fecal calprotectin until the fourth year of life, upon which it
remained consistently elevated compared to healthy children [93]. In contrast, fecal M2-PK
was consistently elevated in children with CF compared to healthy controls, with no age
variation from birth to 10 years [94]. The clinical significance of these conflicting findings is
unclear as calprotectin and M2-PK may not necessarily be well-correlated, and M2-PK may
reflect increased cellular proliferation and turnover independent of inflammation [94]. The
relationship between lung function and fecal calprotectin levels also remains unclear. Some
studies [40,46,51] found no association between forced expiratory volume in one second
(FEV1) and fecal calprotectin, whereas others [39,42] reported that patients with lower
FEV1 had significantly higher fecal calprotectin than patients with better lung function.

3.3.2. Growth Parameters

Associations between intestinal inflammation and weight and height, both measures
of nutritional status, have been reported. Fecal calprotectin has been shown to inversely
correlate with height and weight z-scores in children with CF [46,51]. In a mixed cohort
of both adults and children with CF it was also found that elevated fecal calprotectin
was associated with underweight status (Body Mass Index < 18.5 kg/m?) across all age
groups [42]. The direction of the relationship between intestinal inflammation and growth
parameters is unclear, but it has been hypothesised that intestinal inflammation may
exacerbate the poor growth and malabsorption initiated by exocrine pancreatic insufficiency
and CFIR dysfunction [51]. Indeed, treatment with Ivacaftor, a CFTR potentiator, has been
correlated with a reduction in fecal calprotectin and weight gain [65,66,95]. These findings
provide some evidence to support the exploration of treating intestinal inflammation in
order to optimise growth and nutrition. They also highlight the potential role of assessing
intestinal inflammation in the evaluation of the efficacy of CFTR modulator therapies.

3.3.3. Quality of Life and Hospitalisations

To date, only one study has directly investigated the relationship between intestinal
inflammatory markers and quality of life in CF. Beautfils et al. [47] recently reported that
increased fecal calprotectin was associated with worse GI symptoms and quality of life in
children with CF. Furthermore, they found that worse GI symptomatology was associated
with poorer quality of life. In particular, children with higher fecal calprotectin reported
significantly worse emotional functioning, social functioning, and overall quality of life.
These findings highlight the possible impact of intestinal inflammation on gastrointestinal
symptomatology and, therefore, wellbeing [47]. In another recent study, Sathe et al. [45]
found that elevated fecal calprotectin was a predictive factor of Gl-related hospital admis-
sions in the first year of life for infants with CF. Failure to thrive or poor feeding was the
most common indication for these Gl-related admissions, but some of the other reasons in-
cluded reflux, constipation, and feeding tube placement. In that study, infants with CF who
had been hospitalised for Gl-related indications also exhibited lower growth parameters
than those who had not been hospitalised. Overall, these findings suggest that intestinal
inflammation may not only relate to growth but may also have associations with morbidity
and wellbeing due to hospitalisations in infancy [45].

3.3.4. latrogenic Factors: High-Fat Diet and Antibiotic Use

Due to increased energy expenditure secondary to pulmonary disease and nutrient
malabsorption, a high-fat, high-calorie diet has been the traditional nutritional approach
in CF to minimise undernutrition [96]. However, contemporary evidence demonstrates
that these energy requirements are now more likely to be met via the consumption of
saturated fats and energy-dense but nutrient-poor foods [97-102]. High-fat diets have been
associated with intestinal inflammation in CF as well as in other disease contexts [103-107].
Gulhane et al. demonstrated that long-term high-fat diets, especially those with a high
saturated fat content, resulted in low-grade chronic intestinal inflammation in mice by
increasing endoplasmic reticulum stress and oxidative stress, inducing inflammatory cy-
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tokines and decreasing epithelial barrier integrity secondary to goblet cell dysfunction [105].
While it is difficult to define a clear relationship between diet and gut inflammation inde-
pendent of the myriad of other intrinsic and iatrogenic factors in CF, the overconsumption
of fats, particularly saturated fats, may be one amongst several factors that promote gut in-
flammation. Hence, diet optimisation (i.e., consuming more monounsaturated fats instead
of saturated fats) may be a potential intervention to ameliorate inflammation and improve
overall health.

Antibiotic use is another pertinent iatrogenic factor in CF that is associated with gut
inflammation. Using mice models, Knoop et al. illustrated that the administration of
oral antibiotics led to an increase in inflammatory cytokines, including IL-17, IFN-y, and
chemokine C-X-C motif ligand 1 (CXCL1). This occurred in conjunction with alterations
in gut microbial composition and the translocation of commensal organisms through the
epithelium via goblet cell-associated pathways [108]. However, the connection is less
clear in human studies. De Freitas et al. did not report any significant differences in fecal
calprotectin levels between patients with CF who were on antibiotics at the time of the study
and those who were not [44]. Evidently, the influence of antibiotics on gut inflammation
remains contentious and requires further investigations.

4. The CF Gut Microbiome

The gut microbiome is a dynamic enteric environment comprised of numerous diverse
microorganisms. It confers many vital and complex functions, including the anaerobic
fermentation of indigestible nutrients, maintenance of the gastrointestinal epithelium,
production of amino acids and essential vitamins, protection against pathogens, and
regulation of the immune system [109-111]. Its early development is greatly shaped by
factors such as one’s mode of birth, diet, and antibiotic exposure [112-114]. From early
life, the gut microbiome of children with CF exhibits dysbiosis, decreased species diversity,
delayed maturation, and altered functionality compared to that of non-CF children. These
factors are associated with ill health [77,115-118]. The intestinal microbiome is comprised
of bacteria, viruses, and fungi, all of which contribute to the enteric environment; for the
purposes of this review, the focus will be on bacteria, which are by and large the most
well-defined constituents. While the roles of the intestinal virome and mycobiome in CF
remain largely unexplored, their impact on health and disease, in general, are covered
elsewhere [119-121].

4.1. Species Diversity and Microbiome Maturation

Microbial diversity is a broad term that encompasses the richness (number of species)
and/or evenness (abundance of species relative to each other) of an ecological environ-
ment [122]. In recent years, reduced microbial diversity has been shown to correlate with
a myriad of chronic conditions, including IBD, coeliac disease, obesity, and type 2 dia-
betes mellitus. It is postulated that a more diverse gut microbiome has a greater capacity
to remain resilient against environmental insults and maintain health due to functional
redundancy, whereby various species perform similar functions and compensate for one
another [123,124]. Reduced species diversity is a hallmark of the CF gut microbiome that
is evident in early life and continues throughout adulthood [23,43,77,116,117,125]. While
the microbiota of healthy children sees significant increases in diversity with age, the mi-
crobiota of children with CF diversifies at a substantially slower rate with each year of life.
In fact, it has been shown that even at 15 years of age, the richness of the CF microbiome
is unmatched with that of a healthy one-year-old child [117]. Furthermore, microbiota
maturation (i.e., the rate of microbiota development) is reduced in CF compared to age-
related healthy individuals [115]. Reduced microbial diversity and delayed maturation
rates in CF may be reflective of CFTR-related dysfunction or physiological disruptions
such as antibiotic use. Reduced diversity is broadly associated with reduced colonisation
resistance, mucin production, and intestinal permeability, but the specific implications in
CF remain unclear [113,126].
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4.2. Microbial Composition and Functionality

The advancement of molecular techniques such as next-generation sequencing and multi-
omics methods has brought greater insights into the taxonomy of the CF gut microbiota in
recent years. Compared to the healthy gut, the CF gut exhibits a relative depletion of the family
Ruminococcaceae (phylum Firmicutes) [23,43,77,117] and the genera Bifidobacterium (phylum
Actinobacteria) [43,111,125,127], Bacteroides (phylum Bacteroidetes) [46,111,128], Roseburia (phy-
lum Firmicutes) [43,116,125,128], and Faecalibacterium (phylum Firmicutes) [43,44,46,116,129].
These organisms are all generally considered to be constituents of a healthy gut microbiome
as they perform vital functions, including the synthesis of anti-inflammatory metabolites
(i.e., butyrate), fermentative processes, protection against enteric pathogens, and immune
signaling [43,117,125,128]. Conversely, the CF gut possesses increased abundances of the
genera Enterococcus (phylum Firmicutes) [77,116,117,125,127], Enterobacter (phylum Proteobac-
teria) [77,111,116,125,129], and Escherichia (phylum Proteobacteria) [44,78,127,130]. Notably, an
increased abundance of the pathogenic species E. coli (genus Escherichia, phylum Proteobac-
teria) is associated with fecal markers of intestinal inflammation and nutrient malabsorption
in CF [78].

While knowledge of the taxonomic aspects of CF gut dysbiosis has grown, it is perhaps
the functionality of the organisms, and not solely their taxonomy, that sheds light on their
physiological significance. To this end, knowledge is still lacking, although the homeostatic
functions and pathogenic potentials of the microbial communities involved in this dysbiosis
are becoming increasingly evident with the emergence of functional data. Coffey et al.
reported that the predicted functional profiles of the pediatric CF gut microbiota were
significantly different to those of the non-CF gut [77]. In particular, they found that the
pediatric CF gut expressed a greater propensity to metabolise short-chain fatty acids
(SCFAs), nutrients, and antioxidants [77]. In another study, Manor et al. likewise identified
an enrichment of SCFA metabolic pathways as well as a depletion of fatty acid biosynthesis
pathways [131]. Interestingly, Wang et al. reported that despite significant dysbiosis,
the CF gut microbiota retains the functional capacity to produce SCFAs by mediating
the fermentation of starches [132]. Additionally, Matamouros et al. demonstrated that
E. coli isolates from children with CF exhibited increased growth rates on glycerol, a major
constituent of fecal fat [130]. Gene expression in E. coli isolates from children with CF and
healthy children also differed when grown in glycerol, suggesting that gut microbes may
acquire growth traits to adapt to the altered intestinal environment in CF [130]. In essence,
it is clear that the altered composition of microbes in the CF gut results in changes to the
functionality of the microbiome, but the clinical and therapeutic consequences are still
largely unknown.

4.3. Pathogenesis of Intestinal Dysbiosis
4.3.1. CFTR Dysfunction

Despite active research, the mechanisms through which CF culminates in intesti-
nal dysbiosis remain incompletely understood. It is postulated that CFTR dysfunction
itself is the key driver of dysbiosis. Meeker et al. demonstrated using a mouse model
that CF-positive mice exhibited an altered microbiome compared to control mice despite
receiving the same donor microbiota, suggesting that CFTR mutations alone drive the
selection of bacterial communities in the gut [133]. Furthermore, CF genotypes, which
reflect varying classes of CFTR dysfunction, have been shown to affect the extent of dys-
biosis. Schippa et al. found that patients with the homozygous delta F508 genotype (the
most common and severe CF mutation) exhibited more marked dysbiosis compared to
patients with other mutations [134]. Specifically, homozygous delta F508 patients had more
significant abundances of E. coli and a more marked depletion of F. prausnitzii and Bifidobac-
terium compared to other CF genotypes [134]. Interestingly, it has been reported that it
may not be the class of CFTR mutation that determines the extent of dysbiosis, but rather
the severity of the genotype, that exerts a significant effect on microbial composition [125].
However, another study [43] did not report any significant differences in the gut microbiota
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between patients with different CF genotypes. The proposed mechanisms by which CFTR
dysfunction results in dysbiosis include the production of thick and inspissated mucus,
altered intestinal pH due to inadequate bicarbonate buffering, slowed intestinal transit,
nutrient malabsorption, and disrupted enteric innate immune responses, all of which exert
selective pressure on gut microbes [63,77,78,122].

4.3.2. Exocrine Pancreatic Status

The exocrine pancreas orchestrates fat absorption, and its dysfunction, which results
in fat malabsorption, may affect the selection of the gut microbiota. It is hypothesised that
certain organisms can adapt to, and eventually thrive in, high-fat intestinal environments,
such as that seen in exocrine pancreatic insufficiency in CF [130]. In addition, in healthy
non-CF states, the pancreatic ductal epithelium secretes large volumes (1-2 L/day) of
bicarbonate-rich alkaline fluid [12]. This pancreatic secretion is physiologically intended to
flush digestive enzymes secreted by pancreatic acinar cells down the pancreatic-biliary tree
and into the duodenum. In contrast, the pancreatic secretions in CF have lower pH and
fluid volumes. Consequently, the downstream small intestinal pH is abnormally lower in
CF compared to non-CF states [7]. Nevertheless, the literature reveals conflicting findings
on the significance of exocrine pancreatic function in intestinal dysbiosis. Burke et al. [125]
and Vernocchi et al. [116] reported no difference in species diversity or taxa between PS
and PI patients with CF, whereas Nielsen et al. [117] found that PS patients had higher
microbial diversity than PI patients. However, the true effects of pancreatic function on
gut microbiota may be masked by the administration of pancreatic enzyme replacement
therapy (PERT), and it has indeed been shown in animal models that PERT can restore the
diversity and composition of the microbiome [135]. Furthermore, studies are limited in
power due to a significantly smaller number of PS patients in the general CF cohort. To
complicate and confound, exocrine pancreatic status (PI or PS) is also highly correlated
with the degree of CFTR dysfunction in the affected individual.

4.3.3. Antibiotic and Proton Pump Inhibitor Use

As with intestinal inflammation, the CF gut microbiome is heavily impacted by ia-
trogenic factors that may be additional contributors to dysbiosis. Antibiotic use, which is
prevalent in CF, has been shown to generally alter the gut microbiome both in the short
and long term [136-141]. Specifically, in the context of CF, antibiotic use has consistently
been correlated with decreased alpha diversity (within-sample species diversity) in the
gut [115,116,125,127,142]. Moreover, Burke et al. [125] reported that individuals who had re-
ceived the highest relative number of courses of intravenous antibiotics exhibited the lowest
proportion of Bacteroidetes and the greatest abundance of Firmicutes and Veillonellaceae
amongst all adults with CF in their study. In a pediatric population, Bruzzese et al. [41]
also found that children who were on antibiotics at the time of the study exhibited more
marked dysbiosis and had a significant reduction in Bacteroides and Eubacterium rectale
compared to children with CF who had not received antibiotics for at least two weeks prior.
Other studies have reported significant associations between antibiotic exposure and a
reduction of Bifidobacterium [44,127,142,143]. The CF fecal microbiota may also have a
higher prevalence of amoxicillin-resistant Enterobacteriaceae due to increased exposure to
amoxicillin—clavulanic acid therapy [144]. Additionally, recent studies have highlighted
that proton pump inhibitor (PPI) exposure is associated with decreased species diversity
and an over-representation of oral and upper gastrointestinal organisms in the gut micro-
biome. PPI use has broadly been shown to correlate with an increased abundance of E. coli,
Enterococcus spp. and Streptococcus [145-147]. At present, no clear correlation has been
found between PPI use and the gut microbiome in CF, but knowledge is sparse and further
research in this domain may provide novel insights [115,125].
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4.3.4. High-Fat Diet

Diet plays an important role in altering the gut microbiome [148-150]. In mouse mod-
els involving a high-fat diet, an increased presence of Firmicutes [151-153] and Proteobac-
teria [153], reduction of Bacteroidetes [106,151,152], and enrichment of E. coli [103,152] has
been observed. The mechanisms by which a high-fat diet alters the intestinal microbiota are
unknown. It is hypothesised that high-fat diets may promote the translocation of certain
bacterial communities by increasing intestinal permeability as well as enhancing the abun-
dance of bacterial species that produce lipopolysaccharides [154]. Nonetheless, current
knowledge of the impacts of high-fat diets on the intestinal microbiome is dominated by
studies on obesity and metabolic syndrome, which will inevitably encompass confounders
that are not necessarily reflective of CF.

4.4. Clinical Significance of the Gut Microbiome in CF
4.4.1. Pulmonary Function and the Gut-Lung Axis

In recent years, accumulating evidence has highlighted the importance of the gut-lung
axis, wherein the intestinal and respiratory microbiota engage in crosstalk and regulate
immune responses and homeostasis distally along this axis. Of the two compartments, the
far-reaching effects of the gut microbiome have been better characterised [155]. Intestinal
bacterial metabolites, primarily SCFAs, orchestrate immune cell signalling cascades that
reach the airways through G protein-coupled receptor (GPCR)-mediated pathways and
histone deacetylase inhibition [156-158]. There has yet to be clear data to validate the physi-
ological and clinical implications of the gut-lung axis in CF, but early evidence has hinted at
its relevance. Hoen et al. discovered that in children with CF, pulmonary colonisation with
the pathogen Pseudomonas aeruginosa, which leads to respiratory failure, was preceded by a
significant depletion of Parabacteroides in the intestinal microbiome [159]. Parabacteroides
is a genus associated with immunomodulatory and anti-inflammatory properties, and its
reduction prior to pulmonary P. aeruginosa colonisation may corroborate the critical role of
gut microbes in host responses to threats to the respiratory tract [160,161]. Furthermore, one
study reported an association between gut microbial diversity and pulmonary exacerbation
events in CF [128], and another found that species diversity was significantly reduced
in patients with lower FEV1 compared to those with better lung function [125]. Positive
correlations between FEV1 and specific bacterial communities, such as the SCFA-producing
Ruminococcaceae family, have also been documented [77]. Altogether, these findings suggest
that the optimisation of gut health may have profound benefits on pulmonary function,
and the gut-lung axis should continue to be explored for future therapeutic considerations.

4.4.2. Growth and Nutritional Status

Nutritional status, as assessed by height and weight, is of paramount importance in
CF. Better nutritional status, especially in early life, is associated with better lung function
and long-term outcomes [162-165]. Hayden et al. recently identified that infants with
CF who had low length exhibited a more marked dysbiosis than infants with CF who
had normal length [115]. In particular, infants with low length had a markedly reduced
abundance of Bacteroidetes and a significant increase in Proteobacteria, as well as a further
delay in microbiome maturation [115]. A positive correlation between anthropometric
measures and certain bacterial genera such as Ruminococcaceae has also previously been
reported [77]. Additionally, functional data have indicated a decreased propensity of the CF
gut microbiota to utilise and synthesise water-soluble vitamins, which typically facilitate
nutrient metabolism [77]. Proteomics techniques have also revealed that the CF intestinal
microbiome exhibits comparatively fewer proteins known to play a role in carbohydrate
transport, metabolism, and conversion [129]. Taken together, these findings demonstrate
that the composition and functionality of the gut microbiome are closely intertwined with
nutritional status.
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5. Linking Intestinal Inflammation and Gut Dysbiosis

Given the delicate homeostasis of the enteric environment and the common contribu-
tors to both gut inflammation and dysbiosis, a pathophysiological link between these two
intestinal sequelae of CF is of interest. The key to unravelling this link may lie in SCFAs, the
primary metabolites of the anaerobic fermentation of indigestible dietary fibres by bacteria
in the colon [166-169]. Butyrate, acetate, and propionate are the main SCFAs produced
by the gut microbiota and have been the focus of most SCFA-related research, particu-
larly butyrate [170-172]. They perform various important functions, including providing
nourishment for colonocytes, maintaining the gut epithelium, regulating intestinal pH,
and modulating the immune response. Therefore, they are postulated to have important
implications in intestinal disease [122,166,170]. In support of this, SCFAs have been shown
to improve epithelial integrity and ameliorate intestinal inflammation in numerous animal
models [173-178].

Many of the SCFA-producing organisms belong to the major commensal phyla Firmi-
cutes and Bacteroidetes, such as F. prausnitzii, Roseburia spp., and Bacteroides spp., which are
depleted in the CF gut, as discussed above [179]. The correlation between reduced abun-
dances of SCFA producers and intestinal inflammation in CF is strengthened by evidence
that levels of butyrate, propionate, and acetate are lower in children with CF compared
to healthy controls [77,116]. Furthermore, it has been shown that the CF gut microbiome
possesses enriched genes for SCFA catabolism, the number of which positively correlates
with fecal calprotectin [77,131]. Many of the same factors that contribute to both intestinal
inflammation and dysbiosis, notably, antibiotic use, the high-fat CF diet, and prolonged
intestinal transit, are also associated with reduced SCFA levels [180-185]. Altogether, there
is an increasingly robust body of evidence to demonstrate that gut microbes play a critical
role in preventing and ameliorating intestinal inflammation.

However, the relationship is likely also bidirectional, as an inflamed enteric environ-
ment confers growth advantage for organisms that are able to withstand the metabolic
changes associated with inflammation. During inflammation, reactive oxygen and nitro-
gen species are produced by inflammatory cells. These reactive species supply terminal
electron acceptors required for anaerobic respiration and facilitate the proliferation of
organisms with the ability to efficiently perform anaerobic respiration [186]. Intestinal
inflammation is strongly associated with the bloom of Enterobacteriaceae, a family of bacteria
that exhibits very high nitrate reductase activity and can thus utilise nitrate respiration
for growth [187,188]. Indeed, a number of organisms belonging to the Enterobacteriaceae
family, including the aforementioned Enterobacter genus and E. coli species, are increased
in both IBD and CF, corroborating the effect of an inflamed intestine on the selection of
microbial communities [44,77,78,111,116,125,127,129,130,189-191]. In summary, while the
precise mechanisms by which intestinal inflammation and dysbiosis relate to each other
are not fully known, evidence of their dynamic relationship reflects a sophisticated enteric
environment inundated with complex interactions and functions.

6. CF Intestinal Disease in the Era of CFTR Modulator Therapies

The recent years have ushered in a new era in which CFTR modulators have begun
to, and will continue to, revolutionise the management of CF. Ivacaftor, one of the earliest
approved therapies, is a CFIR potentiator that augments anion transport in patients with
gating mutations [192,193]. On the other hand, the Lumacaftor-Ivacaftor combination
therapy also includes Lumacaftor, a CFTR corrector for patients with mutations in which
the CFTR protein is misprocessed and largely unable to reach the cell surface [194]. It is
well-documented that Ivacaftor and Lumacaftor/Ivacaftor are associated with weight gain,
although the mechanisms by which this occurs are yet to be fully elucidated [65,66,192-194].
The improvement in nutritional status with CFTR modulation therapy is likely of multifac-
torial origin, and the role of Gl-related outcomes is increasingly recognised. Stallings et al.
demonstrated that Ivacaftor-induced weight gain was correlated with decreased fecal cal-
protectin and increased dietary fat absorption in PI patients [66]. Notably, they did not
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report significant changes in fecal elastase levels, highlighting that improved fat absorption
may occur as a result of CFTR modulation directly in the intestinal tract rather than the
exocrine pancreas [66]. This suggests that the benefits of Ivacaftor may be more profound
in the intestinal tract than in the pancreas. Ivacaftor has also been shown to reduce gastroin-
testinal pH, possibly by facilitating bicarbonate secretion, which may subsequently reduce
intestinal inflammation [192,195]. Additionally, Ivacaftor has been reported to promote
the resolution of intestinal histopathological changes (i.e., inspissated mucus in intestinal
crypts) typically seen in CF [48]. In light of the aforementioned associations between
intestinal inflammation and growth parameters, the attenuation of gut inflammation by
CFTR modulators, as evidenced by reductions in fecal calprotectin levels, may confer a
potential to improve growth and nutrition [64-66].

An emerging body of evidence also suggests that modulator therapies could impact
the gut microbiota, which may, in turn, alter the course of intestinal inflammation. Ooi et al.
reported that reductions in fecal calprotectin following treatment with Ivacaftor were
associated with decreased abundances of Enterobacteriaceae [65]. Moreover, they observed
increased abundances of the anti-inflammatory genus Akkermansia in association with
normal fecal M2-PK levels after the initiation of Ivacaftor [65]. Recently, Kristensen et al.
also reported that Ivacaftor treatment was associated with a significant increase in gut
microbial diversity [196]. It is postulated that these shifts in the microbiome after CFTR
modulation may be due to the combined selective effects of alterations in ion and fluid
balance, dietary changes initiated with Ivacaftor treatment, and reductions in antibiotic use
following improvements in respiratory function [65,196].

Given the relative novelty of CFTR modulator therapies, there remain many unknowns,
particularly as GI endpoints are not generally included in evaluations of the efficacy of
modulator therapies. The few Gl-specific studies to date have also been very limited
in sample sizes and varied in their study populations. For example, Pope et al. [197]
did not observe any significant changes in the gut microbiota following the initiation of
Ivacaftor or Lumacaftor/Ivacaftor, contrary to the aforementioned findings by Ooi et al. [65]
and Kristensen et al. [196]. However, the study by Pope et al. [197] involved a cohort of
all PS patients with an R117H allele, whereas Ooi et al. [65] included predominantly PI
patients with a G551D mutation, and Kristensen et al. [196] studied a cohort of primarily PI
patients with an S1251N mutation. These differences reflect a potentially high degree of
variability in GI responses to modulator therapies contingent on genotype and exocrine
pancreatic status. As such, the comparability of the existing studies is lessened. As the use
of CFTR modulators becomes more widespread, larger and longer-term studies involving
diverse patient cohorts are necessary to strengthen current knowledge of the GI benefits of
these drugs.

7. Future Directions
7.1. Probiotics

Considering the evidence of intestinal dysbiosis in CF and its probable links to intesti-
nal inflammation and overall wellbeing, the therapeutic manipulation of the gut microbiota
has garnered interest. Probiotic therapy refers to the supplementation of live microbes
that may confer health benefits to the host. Some of the most common probiotic strains
in experimental CF cohorts include Lactobacillus reuteri, Lactobacillus rhamnosus GG, as
well as mixed-strain preparations [198]. To date, there has been a very limited number of
high-quality clinical trials to validate the utility of probiotics in the general management
of CF, but the findings from a small group of studies have revealed positive pulmonary
and GI outcomes with few adverse effects [199-202]. It is notable that the majority of
studies with GI endpoints have reported a reduction in fecal calprotectin levels following
probiotic treatment in patients with CF. These findings may prompt patients and healthcare
providers to consider probiotics [81].

In addition to a reduction in fecal calprotectin, probiotics have also been shown
to partially restore the CF gut microbiome to a state that is more similar to that of a
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healthy gut [41]. For example, del Campo et al. [80] reported a reduction in gamma-
Proteobacteria, which generally exists in increased relative abundances in CF, following
probiotic administration. However, there is marked heterogeneity in studies on probiotics
in terms of the strains and dosages administered, duration of treatment and follow up, and
study design. Furthermore, the implications of these findings are unclear, as there is no long-
term or adequately powered data to sufficiently demonstrate their clinical significance [81].
Hence, large-scale, well-designed trials with longitudinal data are necessary to better
characterise the possible benefits of probiotic administration. As the pathogenesis of
CF intestinal manifestations is multifactorial, the utility of probiotics also needs to be
considered in light of the other pathogenetic factors which may or may not be modifiable.
The synergistic effects of the concurrent administration of CFTR modulators and probiotics
may be one such avenue to explore. All in all, knowledge regarding the applicability
of probiotics in CF remains limited, but the pre-existing studies may foreshadow future
paradigm shifts in treatment and management to include probiotics and other methods of
intestinal microbial modulation.

7.2. The Increased Risk of GI Malignancies

As the life expectancy of people with CF has increased, longitudinal data have re-
vealed an increased risk and earlier emergence of GI malignancies [21,22]. A myriad of
factors may synergistically contribute to GI carcinogenesis in the context of CF. These
include chronic intestinal inflammation, increased intestinal cell turnover (independent
of inflammation), intestinal dysbiosis, the high-fat and high-energy CF diet, prolonged
immunosuppressive therapy following lung transplantation, and defects in the intrinsic
tumour-suppressive functions of CFIR [7,31,57]. Chronic intestinal inflammation has long
been established as a significant risk factor for GI malignancies [203-207]. The mecha-
nisms by which inflammation promotes carcinogenesis are not entirely known, but a major
contributor is likely oxidative stress induced by ongoing inflammation. Oxidative stress
can cause DNA damage and epigenetically interfere with the expression of regulatory
proteins, transcription factors, and signalling molecules that normally suppress tumour
development [204,205,208]. Moreover, inflammation has been shown to induce shifts in
the gut microbiota to favour the expansion of genotoxic organisms, especially E. coli [203].
Notably, E. coli, which is relatively more abundant in the CF intestine, is also increased in
IBD and colorectal cancer, corroborating the potential compounding effects of inflammation
and dysbiosis in carcinogenesis [209-211]. Fusobacterium, a genus that has been extensively
linked to colorectal cancer, is also relatively enriched in the CF gut [77]. Additionally,
Faecalibacterium and Roseburia, both SCFA producers, have been observed in reduced abun-
dances in patients with colorectal cancer, as is in CF [212]. Interestingly, alterations in
the intestinal virome and mycobiome (outlined in the following section) have also been
associated with colorectal cancer [213,214]. Altogether, large-scale longitudinal studies
in CF cohorts are warranted to extensively examine the relationship between intestinal
inflammation, dysbiosis, and GI carcinogenesis. Treatment of intestinal inflammation and
probiotic therapies may be future avenues through which the risk of GI malignancies is
reduced in people with CE.

7.3. The Intestinal Virome and Mycobiome

Besides intestinal bacteria, the roles of the other components of the gut microbiome,
including viruses and fungi, ought to be considered for a broader perspective on host-
microbiota interactions. Bacteriophages are viruses that replicate within bacteria and
comprise the core commensal constituents of the enteric virome. It is unclear how bac-
teriophages are involved in intestinal homeostasis, but they are postulated to modulate
the bacterial microbiome and, in doing so, indirectly contribute to the enteric environ-
ment [215,216]. Alterations in the intestinal virome have been linked to various conditions,
including IBD and colorectal cancer [213,217-219]. To date, there has only been one study
on the CF intestinal virome, which involved eight pediatric patients. Coffey et al. reported
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that the CF intestinal virome was significantly different from that of healthy controls in
terms of both the viral communities present and their predicted functionality [220]. They
also noted a significantly decreased abundance of Faecalibacterium phage FP Taranis, a
bacteriophage hosted by the anti-inflammatory bacterial species F. prausnitzii, in the CF
intestine. Furthermore, they observed relatively increased synthesis of bacterial endolysins
and increased abundances of bacteriophages associated with Proteobacteria, a bacterial
phylum encompassing pathogens such as Enterobacteria and Escherichia. These factors may
all synergistically contribute to enteric inflammation. Notably, Coffey et al. found that
certain viral communities were correlated with nutritional status and fecal inflammatory
markers [220]. Taken together, the findings from this pilot study highlight that the intestinal
virome may play a significant role in mediating intestinal inflammation and nutritional
outcomes in CF, thereby warranting further investigations.

The human gut fungal microbiome, referred to as the mycobiome, is an emerging
field of research. While knowledge remains relatively sparse, it has been established that
the predominant phyla of the healthy gut mycobiome are Ascomycota and Basiodiomy-
cota. Compared to the bacterial microbiome, the mycobiome exhibits less diversity and
greater population-wide variability, instability, and susceptibility to environmental fac-
tors [221-223]. The mechanistic aspects of commensal intestinal fungal colonisation remain
largely unknown, but it is hypothesised that fungi may be involved in innate and adaptive
immune pathways that confer protective benefits to the host intestinal epithelium [221,224].
Fungal dysbiosis has been associated with some conditions, including IBD, alcoholic liver
disease, pancreatic ductal adenocarcinoma, and obesity, but its specific implications in CF
have not been explored [225-231].

7.4. Multi-Omics Research

The new phase of research on the CF gut microbiota includes a multi-omics approach
involving metagenomics, metatranscriptomics, metaproteomics, and metabolomics. A multi-
omics approach can provide sophisticated findings that combine microbial composition,
diversity, function, and activity to yield powerful insights into genotype—phenotype and
host-microbe correlations [232]. In particular, metaproteomics, the profiling of microbial-
associated proteins, is a promising sphere that could alter the future of patient assessment
and management in CF. Through metaproteomics, the proteins identified to be associated
with clinical features such as inflammation could serve as potential biomarkers of disease
and measure responses to treatment [129]. However, there remain several limitations to
multi-omics approaches, highlighting the need for the active development of these techniques.
There is currently no standardised protocol for the extraction of proteins from fecal samples
or computational analysis of data obtained through metaproteomics methods [233]. Fecal
samples may also be prone to processing errors and contamination, particularly during
freezing and thawing, which could significantly impact the recovery of key proteins and
metabolites. Additionally, owing to the relative novelty of multi-omics techniques, robust
sequence databases are still lacking, and a high level of analytical computing is required
to interpret data, posing a technical challenge [122,232]. Notwithstanding these limitations,
continued research utilising a multi-omics approach can propel current understanding of the
CF intestinal microbiome and its functionality to greater heights and elucidate findings that
can potentially shape the next chapter of CF treatment and management.

8. Conclusions

Intestinal inflammation and alterations in the gut microbiota arise from a multitude
of intrinsic and extrinsic factors and are associated with important clinical outcomes in
CF. The interrelatedness of these two enteric phenomena highlights the complexity and
sophistication of the intestinal milieu. Additionally, the emergence of evidence linking gut
inflammation and microbial dysbiosis with clinical measures emphasises the clinical rele-
vance of these manifestations. With the rise of new treatments and advanced technological
modalities, the gastrointestinal manifestations of CF ought to be research priorities. Further
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investigations of the CF intestine may reveal pivotal insights that could yield substantial
long-term benefits for people with CF.

Author Contributions: Writing—original draft preparation, R.Y.T.; writing—review and editing,
JM.v.D., IM., M.C. and C.Y.O. All authors have read and agreed to the published version of
the manuscript.

Funding: C.Y. Ooi is funded by the National Health and Medical Research Council (Australia). C.Y.
Ooi’s research is funded by the Cystic Fibrosis Foundation (USA), Cystic Fibrosis Australia, and the
National Health and Medical Research Council (Australia).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cutting, G. Cystic fibrosis genetics: From molecular understanding to clinical application. Nat. Rev. Genet. 2015, 16, 45-56.
[CrossRef] [PubMed]

2. Kotnala, S.; Dhasmana, A.; Kashyap, V.K.; Chauhan, S.C.; Yallapu, M.M.; Jaggi, M. A bird eye view on cystic fibrosis: An
underestimated multifaceted chronic disorder. Life Sci. 2021, 268, 118959. [CrossRef] [PubMed]

3. Rey, M.M.; Bonk, M.; Hadjiliadis, D. Cystic Fibrosis: Emerging Understanding and Therapies. Annu. Rev. Med. 2019, 70, 197-210.
[CrossRef] [PubMed]

4. Elborn, ].S. Cystic fibrosis. Lancet 2016, 388, 2519-2531. [CrossRef]

5. Cystic Fibrosis Mutation Database (CFTR1). 2011. Available online: http://www.genet.sickkids.on.ca/ (accessed on
24 November 2021).

6.  Sharma, N.; Cutting, G. The genetics and genomics of cystic fibrosis. J. Cyst. Fibros. 2019, 19 (Suppl. 1), S5-59. [CrossRef]

7. Ooi, C.Y,; Durie, P.R. Cystic fibrosis from the gastroenterologist’s perspective. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 175-185.
[CrossRef]

8. Dos Santos, A.L.M.; Santos, H.d.; Nogueira, M.B.; Tdvora, HT.O.; da Cunha, M.d.J.P; Seixas, R.B.P.d.; Monte, L.d.V,;
de Carvalho, E. Cystic Fibrosis: Clinical Phenotypes in Children and Adolescents. Pediatr. Gastroenterol. Hepatol. Nutr. 2018,
21,306-314. [CrossRef]

9.  Castellani, C.; Assael, B.M. Cystic fibrosis: A clinical view. Cell. Mol. Life Sci. 2017, 74, 129-140. [CrossRef]

10. Singh, V.K.; Schwarzenberg, S.J. Pancreatic insufficiency in Cystic Fibrosis. J. Cyst. Fibros. 2017, 16 (Suppl. 2), S70-5S78. [CrossRef]

11.  Freeman, A.].; Ooi, C. Pancreatitis and pancreatic cystosis in Cystic Fibrosis. J. Cyst. Fibros. 2017, 16 (Suppl. 2), 579-S86. [CrossRef]

12. Ooi, C.Y.,; Dorfman, R.; Cipolli, M.; Gonska, T.; Castellani, C.; Keenan, K.; Freedman, S.D.; Zielenski, J.; Berthiaume, Y,;
Corey, M; et al. Type of CFTR Mutation Determines Risk of Pancreatitis in Patients With Cystic Fibrosis. Gastroenterology 2011,
140, 153-161. [CrossRef] [PubMed]

13.  Singh, H.; Coffey, M.].; Ooi, C.Y. Cystic Fibrosis-related Liver Disease is Associated with Increased Disease Burden and Endocrine
Comorbidities. J. Pediatr. Gastroenterol. Nutr. 2020, 70, 796-800. [CrossRef] [PubMed]

14. Stonebraker, J.R.; Ooi, C.; Pace, R.G.; Corvol, H.; Knowles, M.R; Durie, P.R; Ling, S. Features of Severe Liver Disease With Portal
Hypertension in Patients With Cystic Fibrosis. Clin. Gastroenterol. Hepatol. 2016, 14, 1207-1215.e3. [CrossRef] [PubMed]

15. Flass, T.; Narkewicz, M.R. Cirrhosis and other liver disease in cystic fibrosis. J. Cyst. Fibros. 2013, 12, 116-124. [CrossRef]

16. Parisi, G.F; Di Dio, G.; Franzonello, C.; Gennaro, A.; Rotolo, N.; Lionetti, E.; Leonardi, S. Liver Disease in Cystic Fibrosis: An
Update. Zahedan |. Res. Med Sci. 2013, 13, €11215. [CrossRef]

17. Moran, A ; Dunitz, J.; Nathan, B.; Saeed, A.; Holme, B.; Thomas, W. Cystic fibrosis-related diabetes: Current trends in prevalence,
incidence, and mortality. Diabetes Care 2009, 32, 1626-1631. [CrossRef]

18. Kelsey, R.; Koivula, EN.M.; McClenaghan, N.H.; Kelly, C. Cystic Fibrosis—Related Diabetes: Pathophysiology and Therapeutic
Challenges. Clin. Med. Insights Endocrinol. Diabetes 2019, 12, 1179551419851770. [CrossRef]

19. Yoon, J.C; Casella, J.L.; Litvin, M.; Dobs, A.S. Male reproductive health in cystic fibrosis. J. Cyst. Fibros. 2019,
18 (Suppl. 2), S105-5110. [CrossRef]

20. Chen, H.; Ruan, Y.C.; Xu, WM.; Chen, J.; Chan, H.C. Regulation of male fertility by CFTR and implications in male infertility.
Hum. Reprod. Updat. 2012, 18, 703-713. [CrossRef]

21. Yamada, A.; Komaki, Y.; Komaki, F; Micic, D.; Zullow, S.; Sakuraba, A. Risk of gastrointestinal cancers in patients with cystic
fibrosis: A systematic review and meta-analysis. Lancet Oncol. 2018, 19, 758-767. [CrossRef]

22. Maisonneuve, P.; Marshall, B.C.; Knapp, E.A.; Lowenfels, A.B. Cancer Risk in Cystic Fibrosis: A 20-Year Nationwide Study from

the United States. [NCI J. Natl. Cancer Inst. 2012, 105, 122-129. [CrossRef] [PubMed]


http://doi.org/10.1038/nrg3849
http://www.ncbi.nlm.nih.gov/pubmed/25404111
http://doi.org/10.1016/j.lfs.2020.118959
http://www.ncbi.nlm.nih.gov/pubmed/33383045
http://doi.org/10.1146/annurev-med-112717-094536
http://www.ncbi.nlm.nih.gov/pubmed/30312551
http://doi.org/10.1016/S0140-6736(16)00576-6
http://www.genet.sickkids.on.ca/
http://doi.org/10.1016/j.jcf.2019.11.003
http://doi.org/10.1038/nrgastro.2015.226
http://doi.org/10.5223/pghn.2018.21.4.306
http://doi.org/10.1007/s00018-016-2393-9
http://doi.org/10.1016/j.jcf.2017.06.011
http://doi.org/10.1016/j.jcf.2017.07.004
http://doi.org/10.1053/j.gastro.2010.09.046
http://www.ncbi.nlm.nih.gov/pubmed/20923678
http://doi.org/10.1097/MPG.0000000000002694
http://www.ncbi.nlm.nih.gov/pubmed/32443033
http://doi.org/10.1016/j.cgh.2016.03.041
http://www.ncbi.nlm.nih.gov/pubmed/27062904
http://doi.org/10.1016/j.jcf.2012.11.010
http://doi.org/10.5812/hepatmon.11215
http://doi.org/10.2337/dc09-0586
http://doi.org/10.1177/1179551419851770
http://doi.org/10.1016/j.jcf.2019.08.007
http://doi.org/10.1093/humupd/dms027
http://doi.org/10.1016/S1470-2045(18)30188-8
http://doi.org/10.1093/jnci/djs481
http://www.ncbi.nlm.nih.gov/pubmed/23178438

J. Clin. Med. 2022, 11, 649 16 of 24

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Dayama, G.; Priya, S.; Niccum, D.E.; Khoruts, A.; Blekhman, R. Interactions between the gut microbiome and host gene regulation
in cystic fibrosis. Genome Med. 2020, 12, 12. [CrossRef] [PubMed]

Rowbotham, N.J.; Smith, S.; Leighton, P.A.; Rayner, O.C.; Gathercole, K.; Elliott, Z.C.; Nash, E.F; Daniels, T.; Duff, A.J.A,;
Collins, S.; etal. The top 10 research priorities in cystic fibrosis developed by a partnership between people with CF and
healthcare providers. Thorax 2018, 73, 388-390. [CrossRef]

De Palma, ED.E; Raia, V.; Kroemer, G.; Maiuri, M.C. The Multifaceted Roles of MicroRNAs in Cystic Fibrosis. Diagnostics 2020,
10, 1102. [CrossRef] [PubMed]

Kalin, N.; Claass, A.; Sommer, M.; Puchelle, E.; Tummler, B. DeltaF508 CFTR protein expression in tissues from patients with
cystic fibrosis. J. Clin. Investig. 1999, 103, 1379-1389. [CrossRef]

De Lisle, R.C.; Borowitz, D. The cystic fibrosis intestine. Cold Spring Harb. Perspect. Med. 2013, 3, a009753. [CrossRef]

Jakab, R.L.; Collaco, A.M.; Ameen, N.A. Physiological relevance of cell-specific distribution patterns of CFTR, NKCC1, NBCel,
and NHES3 along the crypt-villus axis in the intestine. Am. J. Physiol. Liver Physiol. 2011, 300, G82-G98. [CrossRef]
Venkatasubramanian, J.; Ao, M.; Rao, M.C. Ion transport in the small intestine. Curr. Opin. Gastroenterol. 2010, 26, 123-128.
[CrossRef]

Liou, T.G. The Clinical Biology of Cystic Fibrosis Transmembrane Regulator Protein: Its Role and Function in Extrapulmonary
Disease. Chest 2019, 155, 605-616. [CrossRef]

Scott, P.; Anderson, K.; Singhania, M.; Cormier, R. Cystic Fibrosis, CFTR, and Colorectal Cancer. Int. . Mol. Sci. 2020, 21, 2891.
[CrossRef]

Smyth, R.L.; Croft, N.M.; O'Hea, U.; Marshall, T.G.; Ferguson, A. Intestinal inflammation in cystic fibrosis. Arch. Dis. Child. 2000,
82,394-399. [CrossRef] [PubMed]

Raia, V.; Maiuri, L.; de Ritis, G.; de Vizia, B.; Vacca, L.; Conte, R.; Auricchio, S.; Londei, M. Evidence of Chronic Inflammation in
Morphologically Normal Small Intestine of Cystic Fibrosis Patients. Pediatr. Res. 2000, 47, 344-350. [CrossRef] [PubMed]
Brecelj, J.; Zidar, N.; Jerug, J.; Orel, R. Morphological and Functional Assessment of Oesophageal Mucosa Integrity in Children
With Cystic Fibrosis. |. Pediatr. Gastroenterol. Nutr. 2016, 62, 757-764. [CrossRef] [PubMed]

Werlin, S.L.; Benuri-Silbiger, I.; Kerem, E.; Adler, S.N.; Goldin, E.; Zimmerman, J.; Malka, N.; Cohen, L.; Armoni, S.; Yatzkan-
Israelit, Y.; et al. Evidence of Intestinal Inflammation in Patients With Cystic Fibrosis. ]. Pediatr. Gastroenterol. Nutr. 2010,
51, 304-308. [CrossRef]

Flass, T.; Tong, S.; Frank, D.N.; Wagner, B.; Robertson, C.; Kotter, C.V.; Sokol, R.J.; Zemanick, E.; Accurso, F.; Hoffenberg, E.; et al.
Intestinal Lesions Are Associated with Altered Intestinal Microbiome and Are More Frequent in Children and Young Adults with
Cystic Fibrosis and Cirrhosis. PLoS ONE 2015, 10, e0116967. [CrossRef]

Bruzzese, E.; Raia, V.; Gaudiello, G.; Polito, G.; Buccigrossi, V.; Formicola, V.; Guarino, A. Intestinal inflammation is a frequent
feature of cystic fibrosis and is reduced by probiotic administration. Aliment. Pharmacol. Ther. 2004, 20, 813-819. [CrossRef]
Rumman, N.; Sultan, M.; El-Chammas, K.; Goh, V.; Salzman, N.; Quintero, D.; Werlin, S. Calprotectin in Cystic Fibrosis. BMC
Pediatr. 2014, 14, 133. [CrossRef]

Adriaanse, M.PM.; Van Der Sande, L.J.TM.; Neucker, AM.V.D.; Menheere, PP.C.A.; Dompeling, E.; Buurman, W.A,;
Vreugdenhil, A.C.E. Evidence for a Cystic Fibrosis Enteropathy. PLoS ONE 2015, 10, e0138062. [CrossRef]

Ellemunter, H.; Engelhardt, A.; Schiiller, K.; Steinkamp, G. Fecal Calprotectin in Cystic Fibrosis and Its Relation to Disease
Parameters: A Longitudinal Analysis for 12 Years. J. Pediatr. Gastroenterol. Nutr. 2017, 65, 438-442. [CrossRef]

Bruzzese, E.; Callegari, M.L.; Raia, V.; Viscovo, S.; Scotto, R.; Ferrari, S.; Morelli, L.; Buccigrossi, V.; Vecchio, A.L.; Ruberto, E.; et al.
Disrupted Intestinal Microbiota and Intestinal Inflammation in Children with Cystic Fibrosis and Its Restoration with Lactobacillus
GG: A Randomised Clinical Trial. PLoS ONE 2014, 9, e87796. [CrossRef]

Parisi, G.F; Papale, M.; Rotolo, N.; Aloisio, D.; Tardino, L.; Scuderi, M.G.; Di Benedetto, V.; Nenna, R.; Midulla, F,; Leonardi, S.
Severe disease in Cystic Fibrosis and fecal calprotectin levels. Immunobiology 2017, 222, 582-586. [CrossRef] [PubMed]

Miragoli, F.; Federici, S.; Ferrari, S.; Minuti, A.; Rebecchi, A.; Bruzzese, E.; Buccigrossi, V.; Guarino, A.; Callegari, M.L. Impact of
cystic fibrosis disease on archaea and bacteria composition of gut microbiota. FEMS Microbiol. Ecol. 2017, 93, fiw230. [CrossRef]
[PubMed]

de Freitas, M.B.; Moreira, E.A.M.; Tomio, C.; Moreno, YM.F,; Daltoe, E.P; Barbosa, E.; Neto, N.L.; Buccigrossi, V.; Guarino, A.
Altered intestinal microbiota composition, antibiotic therapy and intestinal inflammation in children and adolescents with cystic
fibrosis. PLoS ONE 2018, 13, e0198457. [CrossRef] [PubMed]

Sathe, M.; Huang, R.; Heltshe, S.L.; Eng, A.; Borenstein, E.; Miller, S.I; Hoffman, L.; Gelfond, D.; Leung, D.H.; Borowitz, D.; et al.
Gastrointestinal Factors Associated With Hospitalization in Infants With Cystic Fibrosis: Results from the BONUS Study. ]. Pediatr.
Gastroenterol. Nutr. 2021, 73, 395-402. [CrossRef] [PubMed]

Enaud, R.; Hooks, K.B.; Barre, A.; Barnetche, T.; Hubert, C.; Massot, M.; Bazin, T.; Clouzeau, H.; Bui, S.; Fayon, M.; et al. Intestinal
Inflammation in Children with Cystic Fibrosis Is Associated with Crohn’s-Like Microbiota Disturbances. J. Clin. Med. 2019, 8, 645.
[CrossRef]

Beaufils, F.; Mas, E.; Mittaine, M.; Addra, M.; Fayon, M.; Delhaes, L.; Clouzeau, H.; Galode, F,; Lamireau, T.; Bui, S.; et al.
Increased Fecal Calprotectin is Associated with Worse Gastrointestinal Symptoms and Quality of Life Scores in Children with
Cystic Fibrosis. J. Clin. Med. 2020, 9, 4080. [CrossRef]


http://doi.org/10.1186/s13073-020-0710-2
http://www.ncbi.nlm.nih.gov/pubmed/31992345
http://doi.org/10.1136/thoraxjnl-2017-210473
http://doi.org/10.3390/diagnostics10121102
http://www.ncbi.nlm.nih.gov/pubmed/33348555
http://doi.org/10.1172/JCI5731
http://doi.org/10.1101/cshperspect.a009753
http://doi.org/10.1152/ajpgi.00245.2010
http://doi.org/10.1097/MOG.0b013e3283358a45
http://doi.org/10.1016/j.chest.2018.10.006
http://doi.org/10.3390/ijms21082891
http://doi.org/10.1136/adc.82.5.394
http://www.ncbi.nlm.nih.gov/pubmed/10799435
http://doi.org/10.1203/00006450-200003000-00010
http://www.ncbi.nlm.nih.gov/pubmed/10709733
http://doi.org/10.1097/MPG.0000000000001131
http://www.ncbi.nlm.nih.gov/pubmed/26835909
http://doi.org/10.1097/MPG.0b013e3181d1b013
http://doi.org/10.1371/journal.pone.0116967
http://doi.org/10.1111/j.1365-2036.2004.02174.x
http://doi.org/10.1186/1471-2431-14-133
http://doi.org/10.1371/journal.pone.0138062
http://doi.org/10.1097/MPG.0000000000001544
http://doi.org/10.1371/journal.pone.0087796
http://doi.org/10.1016/j.imbio.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/28012584
http://doi.org/10.1093/femsec/fiw230
http://www.ncbi.nlm.nih.gov/pubmed/27810876
http://doi.org/10.1371/journal.pone.0198457
http://www.ncbi.nlm.nih.gov/pubmed/29933382
http://doi.org/10.1097/MPG.0000000000003173
http://www.ncbi.nlm.nih.gov/pubmed/34016873
http://doi.org/10.3390/jcm8050645
http://doi.org/10.3390/jcm9124080

J. Clin. Med. 2022, 11, 649 17 of 24

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Safe, M.; Gifford, A.; Jaffe, A.; Ooi, C.Y. Resolution of Intestinal Histopathology Changes in Cystic Fibrosis after Treatment with
Ivacaftor. Ann. Am. Thorac. Soc. 2016, 13, 297-298. [CrossRef]

Davidson, E; Lock, R.J. Paediatric reference ranges for faecal calprotectin: A UK study. Ann. Clin. Biochem. 2017, 54, 214-218.
[CrossRef]

Lin, J.-F; Chen, J.; Zuo, J.; Yu, A; Xiao, Z.; Deng, E; Nie, B.; Jiang, B. Meta-analysis: Fecal calprotectin for assessment of
inflammatory bowel disease activity. Inflamm. Bowel. Dis. 2014, 20, 1407-1415. [CrossRef]

Dhaliwal, J.; Leach, S.; Katz, T.; Nahidi, L.; Pang, T.; Lee, J.; Strachan, R; Day, A.S.; Jaffe, A.; Ooi, C.Y. Intestinal Inflammation and
Impact on Growth in Children With Cystic Fibrosis. J. Pediatr. Gastroenterol. Nutr. 2015, 60, 521-526. [CrossRef]

Jung, D.; Dong, K,; Jang, J.; Lam, G.Y.; Wilcox, P.G.; Quon, B.S. Circulating CRP and calprotectin to diagnose CF pulmonary
exacerbations. J. Cyst. Fibros. 2021, 20, 46—49. [CrossRef]

Wiecek, S.; Wos, H.; Kordys-Darmoliniska, B.; Sankiewicz-Szkétka, M.; Grzybowska-Chlebowczyk, U. The concentration of
calprotectin in the stools of children with diagnosed cystic fibrosis. Gastroenterol. Rev. 2017, 12, 38—43. [CrossRef] [PubMed]
Shoki, A.H.; Mayer-Hamblett, N.; Wilcox, P.G.; Sin, D.D.; Quon, B.S. Systematic Review of Blood Biomarkers in Cystic Fibrosis
Pulmonary Exacerbations. Chest 2013, 144, 1659-1670. [CrossRef] [PubMed]

Tabori, H.; Arnold, C.; Jaudszus, A.; Mentzel, H.-].; Renz, D.M.; Reinsch, S.; Lorenz, M.; Michl, R.; Gerber, A.; Lehmann, T.; et al.
Abdominal symptoms in cystic fibrosis and their relation to genotype, history, clinical and laboratory findings. PLoS ONE 2017,
12, €0174463. [CrossRef] [PubMed]

Bolia, R.; Ooi, C.Y.; Lewindon, P; Bishop, J.; Ranganathan, S.; Harrison, J.; Ford, K.; Van Der Haak, N.; Oliver, M.R. Practical
approach to the gastrointestinal manifestations of cystic fibrosis. J. Paediatr. Child Health. 2018, 54, 609-619. [CrossRef] [PubMed]
Garg, M.; Ooi, C.Y. The Enigmatic Gut in Cystic Fibrosis: Linking Inflammation, Dysbiosis, and the Increased Risk of Malignancy.
Curr. Gastroenterol. Rep. 2017, 19, 6. [CrossRef]

Munck, A. Cystic fibrosis: Evidence for gut inflammation. Int. J. Biochem. Cell Biol. 2014, 52, 180-183. [CrossRef]

Vij, N.; Mazur, S.; Zeitlin, P.L. CFTR is a negative regulator of NFkappaB mediated innate immune response. PLoS ONE 2009,
4, e4664. [CrossRef]

Liu, K.; Zhang, X.; Zhang, ].T.; Tsang, L.L.; Jiang, X.; Chan, H.C. Defective CFTR- beta-catenin interaction promotes NF-kappaB
nuclear translocation and intestinal inflammation in cystic fibrosis. Oncotarget 2016, 7, 64030—64042. [CrossRef]

Crites, K.S.-M.; Morin, G.; Orlando, V.; Patey, N.; Cantin, C.; Martel, J.; Brochiero, E.; Mailhot, G. CFTR Knockdown induces
proinflammatory changes in intestinal epithelial cells. J. Inflamm. 2015, 12, 62. [CrossRef]

Than, B.L.N.; Linnekamp, J.E; Starr, T.; Largaespada, D.A.; Rod, A.; Zhang, Y.; Bruner, V.; Abrahante, J.; Schumann, A,;
Luczak, T.; et al. CFIR is a tumor suppressor gene in murine and human intestinal cancer. Oncogene 2016, 35, 4179-4187.
[CrossRef] [PubMed]

Ooi, C.Y,; Pang, T,; Leach, S.T.; Katz, T.; Day, A.S.; Jaffe, A. Fecal Human beta-Defensin 2 in Children with Cystic Fibrosis: Is There
a Diminished Intestinal Innate Immune Response? Dig. Dis. Sci. 2015, 60, 2946-2952. [CrossRef] [PubMed]

Tétard, C.; Mittaine, M.; Bui, S.; Beaulfils, F.; Maumus, P; Fayon, M.; Burgel, P-R.; Lamireau, T.; Delhaes, L.; Mas, E.; et al. Reduced
Intestinal Inflammation with Lumacaftor/Ivacaftor in Adolescents with Cystic Fibrosis. ]. Pediatr. Gastroenterol. Nutr. 2020,
71,778-781. [CrossRef] [PubMed]

Ooi, C.Y,; Syed, S.A.; Rossi, L.; Garg, M.; Needham, B.; Avolio, J.; Young, K.; Surette, M.G.; Gonska, T. Impact of CFTR modulation
with Ivacaftor on Gut Microbiota and Intestinal Inflammation. Sci. Rep. 2018, 8, 17834. [CrossRef]

Stallings, V.A.; Sainath, N.; Oberle, M.; Bertolaso, C.; Schall, J.I. Energy Balance and Mechanisms of Weight Gain with Ivacaftor
Treatment of Cystic Fibrosis Gating Mutations. J. Pediatr. 2018, 201, 229-237.e4. [CrossRef] [PubMed]

Malagelada, C.; Bendezu, R.; Segui, S.; Vitria, J.; Merino, X.; Nieto, A.; Sihuay, D.; Accarino, A.; Molero, X.; Azpiroz, F. Motor
dysfunction of the gut in cystic fibrosis. Neurogastroenterol. Motil. 2020, 32, €13883. [CrossRef]

Henen, S.; Denton, C.; Teckman, J.; Borowitz, D.; Patel, D. Review of Gastrointestinal Motility in Cystic Fibrosis. . Cyst. Fibros.
2021, 20, 578-585. [CrossRef]

De Lisle, R.C.; Sewell, R.; Meldi, L. Enteric circular muscle dysfunction in the cystic fibrosis mouse small intestine. Neurogastroen-
terol. Motil. 2010, 22, 341-e87. [CrossRef]

De Lisle, R.C.; Meldi, L.; Roach, E.; Flynn, M.; Sewell, R. Mast Cells and Gastrointestinal Dysmotility in the Cystic Fibrosis Mouse.
PLoS ONE 2009, 4, e4283. [CrossRef]

Risse, P--A.; Kachmar, L.; Matusovsky, O.S.; Novali, M.; Gil, ER.; Javeshghani, S.; Keary, R.; Haston, C.K.; Michoud, M.-C;
Martin, J.G.; et al. Ileal smooth muscle dysfunction and remodeling in cystic fibrosis. Am. J. Physiol. Liver Physiol. 2012,
303, G1-G8. [CrossRef]

Hedsund, C.; Gregersen, T.; Joensson, I.M.; Olesen, H.V.; Krogh, K. Gastrointestinal transit times and motility in patients with
cystic fibrosis. Scand. J. Gastroenterol. 2012, 47, 920-926. [CrossRef]

Ng, C.; Dellschaft, N.S.; Hoad, C.L.; Marciani, L.; Ban, L.; Prayle, A.P; Barr, H.L.; Jaudszus, A.; Mainz, ].G.; Spiller, R.C.; et al.
Postprandial changes in gastrointestinal function and transit in cystic fibrosis assessed by Magnetic Resonance Imaging. J. Cyst.
Fibros. 2021, 20, 591-597. [CrossRef] [PubMed]

De Lisle, R.C.; Meldi, L.; Flynn, M.; Jansson, K. Altered Eicosanoid Metabolism in the Cystic Fibrosis Mouse Small Intestine. J.
Pediatr. Gastroenterol. Nutr. 2008, 47, 406—416. [CrossRef] [PubMed]


http://doi.org/10.1513/AnnalsATS.201510-669LE
http://doi.org/10.1177/0004563216639335
http://doi.org/10.1097/MIB.0000000000000057
http://doi.org/10.1097/MPG.0000000000000683
http://doi.org/10.1016/j.jcf.2020.04.016
http://doi.org/10.5114/pg.2016.58897
http://www.ncbi.nlm.nih.gov/pubmed/28337235
http://doi.org/10.1378/chest.13-0693
http://www.ncbi.nlm.nih.gov/pubmed/23868694
http://doi.org/10.1371/journal.pone.0174463
http://www.ncbi.nlm.nih.gov/pubmed/28472055
http://doi.org/10.1111/jpc.13921
http://www.ncbi.nlm.nih.gov/pubmed/29768684
http://doi.org/10.1007/s11894-017-0546-0
http://doi.org/10.1016/j.biocel.2014.02.005
http://doi.org/10.1371/journal.pone.0004664
http://doi.org/10.18632/oncotarget.11747
http://doi.org/10.1186/s12950-015-0107-y
http://doi.org/10.1038/onc.2015.483
http://www.ncbi.nlm.nih.gov/pubmed/26751771
http://doi.org/10.1007/s10620-015-3842-2
http://www.ncbi.nlm.nih.gov/pubmed/26271615
http://doi.org/10.1097/MPG.0000000000002864
http://www.ncbi.nlm.nih.gov/pubmed/32740537
http://doi.org/10.1038/s41598-018-36364-6
http://doi.org/10.1016/j.jpeds.2018.05.018
http://www.ncbi.nlm.nih.gov/pubmed/30029855
http://doi.org/10.1111/nmo.13883
http://doi.org/10.1016/j.jcf.2021.05.016
http://doi.org/10.1111/j.1365-2982.2009.01418.x
http://doi.org/10.1371/journal.pone.0004283
http://doi.org/10.1152/ajpgi.00356.2011
http://doi.org/10.3109/00365521.2012.699548
http://doi.org/10.1016/j.jcf.2020.06.004
http://www.ncbi.nlm.nih.gov/pubmed/32561324
http://doi.org/10.1097/MPG.0b013e31817e0f2c
http://www.ncbi.nlm.nih.gov/pubmed/18852632

J. Clin. Med. 2022, 11, 649 18 of 24

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Xue, R;; Gu, H,; Qiu, Y,; Guo, Y.; Korteweg, C.; Huang, J.; Gu, J. Expression of Cystic Fibrosis Transmembrane Conductance
Regulator in Ganglia of Human Gastrointestinal Tract. Sci. Rep. 2016, 6, 30926. [CrossRef] [PubMed]

Yeh, K.M.; Johansson, O.; Le, H.; Rao, K.; Markus, I.; Perera, D.S.; Lubowski, D.Z.; King, D.W.; Zhang, L.; Chen, H.; et al. Cystic
fibrosis transmembrane conductance regulator modulates enteric cholinergic activities and is abnormally expressed in the enteric
ganglia of patients with slow transit constipation. J. Gastroenterol. 2019, 54, 994-1006. [CrossRef] [PubMed]

Coffey, M.].; Nielsen, S.; Wemheuer, B.; Kaakoush, N.O.; Garg, M.; Needham, B.; Pickford, R.; Jaffe, A.; Thomas, T.; Ooi, C.Y. Gut
Microbiota in Children With Cystic Fibrosis: A Taxonomic and Functional Dysbiosis. Sci. Rep. 2019, 9, 18593. [CrossRef]
Hoffman, L.R.; Pope, C.E; Hayden, H.S.; Heltshe, S.; Levy, R.; McNamara, S.; Jacobs, M.A.; Rohmer, L.; Radey, M,;
Ramsey, B.W.,; et al. Escherichia coli dysbiosis correlates with gastrointestinal dysfunction in children with cystic fibrosis. Clin.
Infect. Dis. 2014, 58, 396-399. [CrossRef]

Fallahi, G.; Motamed, F.; Yousefi, A.; Shafieyoun, A.; Najafi, M.; Khodadad, A.; Farhmand, F.; Ahmadvand, A.; Rezaei, N. The
effect of probiotics on fecal calprotectin in patients with cystic fibrosis. Turk. J. Pediatr. 2013, 55, 475-478.

del Campo, R.; Garriga, M.; Pérez-Aragon, A.; Guallarte, P.; Lamas, A.; Mdiz, L.; Bayon, C.; Roy, G.; Cantén, R.; Zamora, ].; et al.
Improvement of digestive health and reduction in proteobacterial populations in the gut microbiota of cystic fibrosis patients
using a Lactobacillus reuteri probiotic preparation: A double blind prospective study. J. Cyst. Fibros. 2014, 13, 716-722. [CrossRef]
Coffey, M.].; Garg, M.; Homaira, N.; Jaffe, A.; Ooi, C.Y. Probiotics for people with cystic fibrosis. Cochrane Database Syst. Rev. 2020,
1, CD012949. [CrossRef]

Fukui, H. Increased Intestinal Permeability and Decreased Barrier Function: Does It Really Influence the Risk of Inflammation?
Inflamm. Intest. Dis. 2016, 1, 135-145. [CrossRef] [PubMed]

De Lisle, R.C. Disrupted tight junctions in the small intestine of cystic fibrosis mice. Cell Tissue Res. 2014, 355, 131-142. [CrossRef]
[PubMed]

De Lisle, R.C.; Mueller, R.; Boyd, M. Impaired Mucosal Barrier Function in the Small Intestine of the Cystic Fibrosis Mouse. J.
Pediatr. Gastroenterol. Nutr. 2011, 53, 371-379. [CrossRef] [PubMed]

Hallberg, K.; Grzegorczyk, A.; Larson, G.; Strandvik, B. Intestinal Permeability in Cystic Fibrosis in Relation to Genotype. J.
Pediatr. Gastroenterol. Nutr. 1997, 25, 290-295. [CrossRef]

van Elburg, RM.; Uil, J.J.; van Aalderen, W.M.; Mulder, C.J.; Heymans, H.S. Intestinal permeability in exocrine pancreatic
insufficiency due to cystic fibrosis or chronic pancreatitis. Pediatr. Res. 1996, 39, 985-991. [CrossRef]

Mack, D.R; Flick, J.A.; Durie, P.R.; Rosenstein, B.]J.; Ellis, L.E.; Perman, J.A. Correlation of intestinal lactulose permeability with
exocrine pancreatic dysfunction. J. Pediatr. 1992, 120, 696-701. [CrossRef]

Dalzell, A.M.; Freestone, N.S.; Billington, D.; Heaf, D.P. Small intestinal permeability and orocaecal transit time in cystic fibrosis.
Arch. Dis. Child. 1990, 65, 585-588. [CrossRef]

Mankertz, J.; Schulzke, ].-D. Altered permeability in inflammatory bowel disease: Pathophysiology and clinical implications.
Curr. Opin. Gastroenterol. 2007, 23, 379-383. [CrossRef]

Hering, N.A.; Fromm, M.; Schulzke, ].D. Determinants of colonic barrier function in inflammatory bowel disease and potential
therapeutics. . Physiol. 2012, 590, 1035-1044. [CrossRef]

Turpin, W.; Lee, S.H.; Raygoza Garay, J.A.; Madsen, K.L.; Meddings, J.B.; Bedrani, L.; Power, N.; Espin-Garcia, O.; Xu, W,;
Smith, M.L; et al. Increased Intestinal Permeability Is Associated With Later Development of Crohn’s Disease. Gastroenterology
2020, 159, 2092-2100.€5. [CrossRef]

Ahmad, R;; Sorrell, M.E; Batra, S.K.; Dhawan, P; Singh, A .B. Gut permeability and mucosal inflammation: Bad, good or context
dependent. Mucosal Immunol. 2017, 10, 307-317. [CrossRef] [PubMed]

Garg, M,; Leach, S.T.; Coffey, M.].; Katz, T.; Strachan, R.; Pang, T.; Needham, B.; Lui, K.; Ali, F; Day, A.S.; et al. Age-dependent
variation of fecal calprotectin in cystic fibrosis and healthy children. J. Cyst. Fibros. 2017, 16, 631-636. [CrossRef] [PubMed]
Garg, M,; Leach, S.T.; Pang, T.; Needham, B.; Coffey, M.].; Katz, T.; Strachan, R.; Widger, J.; Field, P.; Belessis, Y.; et al. Age-related
levels of fecal M2-pyruvate kinase in children with cystic fibrosis and healthy children 0 to 10 years old. J. Cyst. Fibros. 2018,
17,109-113. [CrossRef]

Davies, J.C.; Wainwright, C.E.; Canny, G.J.; Chilvers, M.A.; Howenstine, M.S.; Munck, A.; Mainz, ].G.; Rodriguez, S.; Li, H,;
Yen, K,; et al. Efficacy and safety of ivacaftor in patients aged 6 to 11 years with cystic fibrosis with a G551D mutation. Am. .
Respir. Crit. Care Med. 2013, 187, 1219-1225. [CrossRef] [PubMed]

Saxby, N.P.C.; Kench, A.; King, S.; Crowder, T.; van der Haak, N. The Australian and New Zealand Cystic Fibrosis Nutrition Guideline
Authorship Group. Nutrition Guidelines for Cystic Fibrosis in Australia and New Zealand; Bell, S.C., Ed.; Thoracic Society of Australia
and New Zealand: Sydney, Australia, 2017.

Smith, C.; Winn, A.; Seddon, P; Ranganathan, S. A fat lot of good: Balance and trends in fat intake in children with cystic fibrosis.
J. Cyst. Fibros. 2012, 11, 154-157. [CrossRef]

Woestenenk, J.W.; Schulkes, D.A.; Schipper, H.S.; van der Ent, C.K.; Houwen, R.H. Dietary intake and lipid profile in children and
adolescents with cystic fibrosis. J. Cyst. Fibros. 2017, 16, 410-417. [CrossRef]

Woestenenk, J.; Castelijns, S.; Van Der Ent, C.; Houwen, R. Dietary intake in children and adolescents with cystic fibrosis. Clin.
Nutr. 2014, 33, 528-532. [CrossRef]


http://doi.org/10.1038/srep30926
http://www.ncbi.nlm.nih.gov/pubmed/27491544
http://doi.org/10.1007/s00535-019-01610-9
http://www.ncbi.nlm.nih.gov/pubmed/31392489
http://doi.org/10.1038/s41598-019-55028-7
http://doi.org/10.1093/cid/cit715
http://doi.org/10.1016/j.jcf.2014.02.007
http://doi.org/10.1002/14651858.CD012949.pub2
http://doi.org/10.1159/000447252
http://www.ncbi.nlm.nih.gov/pubmed/29922669
http://doi.org/10.1007/s00441-013-1734-3
http://www.ncbi.nlm.nih.gov/pubmed/24169862
http://doi.org/10.1097/MPG.0b013e318219c397
http://www.ncbi.nlm.nih.gov/pubmed/21970994
http://doi.org/10.1097/00005176-199709000-00008
http://doi.org/10.1203/00006450-199606000-00010
http://doi.org/10.1016/S0022-3476(05)80230-6
http://doi.org/10.1136/adc.65.6.585
http://doi.org/10.1097/MOG.0b013e32816aa392
http://doi.org/10.1113/jphysiol.2011.224568
http://doi.org/10.1053/j.gastro.2020.08.005
http://doi.org/10.1038/mi.2016.128
http://www.ncbi.nlm.nih.gov/pubmed/28120842
http://doi.org/10.1016/j.jcf.2017.03.010
http://www.ncbi.nlm.nih.gov/pubmed/28416415
http://doi.org/10.1016/j.jcf.2017.07.011
http://doi.org/10.1164/rccm.201301-0153OC
http://www.ncbi.nlm.nih.gov/pubmed/23590265
http://doi.org/10.1016/j.jcf.2011.10.007
http://doi.org/10.1016/j.jcf.2017.02.010
http://doi.org/10.1016/j.clnu.2013.07.011

J. Clin. Med. 2022, 11, 649 19 of 24

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

McDonald, C.M.; Bowser, E.K.; Farnham, K.; Alvarez, J.A.; Padula, L.; Rozga, M. Dietary Macronutrient Distribution and
Nutrition Outcomes in Persons with Cystic Fibrosis: An Evidence Analysis Center Systematic Review. . Acad. Nutr. Diet. 2021,
121, 1574-1590.€3. [CrossRef]

Calvo-Lerma, J.; Hulst, J.; Boon, M.; Martins, T.; Ruperto, M.; Colombo, C.; Fornés-Ferrer, V.; Woodcock, S.; Claes, I;
Asseiceira, I; et al. The Relative Contribution of Food Groups to Macronutrient Intake in Children with Cystic Fibrosis: A
European Multicenter Assessment. . Acad. Nutr. Diet. 2019, 119, 1305-1319. [CrossRef]

Sutherland, R.; Katz, T; Liu, V.; Quintano, J.; Brunner, R.; Tong, C.W.; Collins, C.E.; Ooi, C.Y. Dietary intake of energy-dense,
nutrient-poor and nutrient-dense food sources in children with cystic fibrosis. J. Cyst. Fibros. 2018, 17, 804-810. [CrossRef]
Debray, D.; el Mourabit, H.; Merabtene, F,; Brot, L.; Ulveling, D.; Chrétien, Y.; Rainteau, D.; Moszer, I.; Wendum, D.; Sokol, H.; et al.
Diet-Induced Dysbiosis and Genetic Background Synergize with Cystic Fibrosis Transmembrane Conductance Regulator Defi-
ciency to Promote Cholangiopathy in Mice. Hepatol. Commun. 2018, 2, 1533-1549. [CrossRef]

Ding, S.; Chi, M.M.; Scull, B.P;; Rigby, R.; Schwerbrock, N.M.].; Magness, S.; Jobin, C.; Lund, PK. High-Fat Diet: Bacteria
Interactions Promote Intestinal Inflammation Which Precedes and Correlates with Obesity and Insulin Resistance in Mouse. PLoS
ONE 2010, 5, €12191. [CrossRef] [PubMed]

Gulhane, M.; Murray, L.; Lourie, R.; Tong, H.; Sheng, Y.H.; Wang, R.; Kang, A.; Schreiber, V.; Wong, K.Y.; Magor, G.; et al. High
Fat Diets Induce Colonic Epithelial Cell Stress and Inflammation that is Reversed by IL-22. Sci. Rep. 2016, 6, 28990. [CrossRef]
[PubMed]

Crawford, M.; Whisner, C.; Al-Nakkash, L.; Sweazea, K.L. Six-Week High-Fat Diet Alters the Gut Microbiome and Promotes Cecal
Inflammation, Endotoxin Production, and Simple Steatosis without Obesity in Male Rats. Lipids 2019, 54, 119-131. [CrossRef]
[PubMed]

Kim, K.-A.; Gu, W,; Lee, I.-A,; Joh, E.-H.; Kim, D.-H. High Fat Diet-Induced Gut Microbiota Exacerbates Inflammation and
Obesity in Mice via the TLR4 Signaling Pathway. PLoS ONE 2012, 7, e47713. [CrossRef]

Knoop, K.A.; McDonald, K.G.; Kulkarni, D.H.; Newberry, R.D. Antibiotics promote inflammation through the translocation of
native commensal colonic bacteria. Gut 2016, 65, 1100-1109. [CrossRef]

Clemente, J.C.; Manasson, J.; Scher, ].U. The role of the gut microbiome in systemic inflammatory disease. BM] 2018, 360, j5145.
[CrossRef]

Ahmed, I; Roy, B.C.; Khan, S.A.; Septer, S.; Umar, S. Microbiome, Metabolome and Inflammatory Bowel Disease. Microorganisms
2016, 4, 20. [CrossRef]

Duytschaever, G.; Huys, G.; Bekaert, M.; Boulanger, L.; De Boeck, K.; Vandamme, P. Cross-Sectional and Longitudinal Compar-
isons of the Predominant Fecal Microbiota Compositions of a Group of Pediatric Patients with Cystic Fibrosis and Their Healthy
Siblings. Appl. Environ. Microbiol. 2011, 77, 8015-8024. [CrossRef]

Stiemsma, L.T.; Michels, K.B. The Role of the Microbiome in the Developmental Origins of Health and Disease. Pediatrics 2018,
141, €20172437. [CrossRef]

Bokulich, N.A.; Chung, J.; Battaglia, T.; Henderson, N.; Jay, M.; Li, H.; Lieber, A.D.; Wu, E,; Perez-Perez, G.I.; Chen, Y.; et al.
Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci. Transl. Med. 2016, 8, 343ra382. [CrossRef]
[PubMed]

Backhed, E; Roswall, J.; Peng, Y.; Feng, Q.; Jia, H.; Kovatcheva-Datchary, P; Li, Y.; Xia, Y.; Xie, H.; Zhong, H.; et al. Dynamics
and Stabilization of the Human Gut Microbiome during the First Year of Life. Cell Host Microbe 2015, 17, 690-703. [CrossRef]
[PubMed]

Hayden, H.S.; Eng, A.; Pope, C.E.; Brittnacher, M.].; Vo, A.T.; Weiss, E.J.; Hager, KR.; Martin, B.D.; Leung, D.H.; Heltshe, S.L.; et al.
Fecal dysbiosis in infants with cystic fibrosis is associated with early linear growth failure. Nat. Med. 2020, 26, 215-221. [CrossRef]
[PubMed]

Vernocchi, P; del Chierico, F; Russo, A.; Majo, F. Gut microbiota signatures in cystic fibrosis: Loss of host CFTR function drives
the microbiota enterophenotype. PLoS ONE 2018, 13, €0208171. [CrossRef] [PubMed]

Nielsen, S.; Needham, B.; Leach, S.T.; Day, A.S.; Jaffe, A.; Thomas, T.; Ooi, C. Disrupted progression of the intestinal microbiota
with age in children with cystic fibrosis. Sci. Rep. 2016, 6, 24857. [CrossRef]

Lloyd-Price, ].; Abu-Ali, G.; Huttenhower, C. The healthy human microbiome. Genome Med. 2016, 8, 51. [CrossRef] [PubMed]
Wheeler, M.L.; Limon, J.J.; Bar, A.S.; Leal, C.A.; Gargus, M.; Tang, J.; Brown, J.; Funari, V.A.; Wang, H.L.; Crother, T.; et al.
Immunological Consequences of Intestinal Fungal Dysbiosis. Cell Host Microbe 2016, 19, 865-873. [CrossRef]

Huffnagle, G.B.; Noverr, M. The emerging world of the fungal microbiome. Trends Microbiol. 2013, 21, 334-341. [CrossRef]
Fragkou, P.C.; Karaviti, D.; Zemlin, M.; Skevaki, C. Impact of Early Life Nutrition on Children’s Immune System and Noncommu-
nicable Diseases Through Its Effects on the Bacterial Microbiome, Virome and Mycobiome. Front. Immunol. 2021, 12, 644269.
[CrossRef]

Thavamani, A.; Salem, I; Sferra, T.J.; Sankararaman, S. Impact of Altered Gut Microbiota and Its Metabolites in Cystic Fibrosis.
Metabolites 2021, 11, 123. [CrossRef]

Valdes, A.; Walter, J.; Segal, E.; Spector, T.D. Role of the gut microbiota in nutrition and health. BM]J 2018, 361, k2179. [CrossRef]
[PubMed]

Sommer, E; Anderson, J.M.; Bharti, R.; Raes, ]J.; Rosenstiel, P. The resilience of the intestinal microbiota influences health and
disease. Nat. Rev. Microbiol. 2017, 15, 630-638. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jand.2020.03.016
http://doi.org/10.1016/j.jand.2019.01.003
http://doi.org/10.1016/j.jcf.2018.03.011
http://doi.org/10.1002/hep4.1266
http://doi.org/10.1371/journal.pone.0012191
http://www.ncbi.nlm.nih.gov/pubmed/20808947
http://doi.org/10.1038/srep28990
http://www.ncbi.nlm.nih.gov/pubmed/27350069
http://doi.org/10.1002/lipd.12131
http://www.ncbi.nlm.nih.gov/pubmed/30860608
http://doi.org/10.1371/journal.pone.0047713
http://doi.org/10.1136/gutjnl-2014-309059
http://doi.org/10.1136/bmj.j5145
http://doi.org/10.3390/microorganisms4020020
http://doi.org/10.1128/AEM.05933-11
http://doi.org/10.1542/peds.2017-2437
http://doi.org/10.1126/scitranslmed.aad7121
http://www.ncbi.nlm.nih.gov/pubmed/27306664
http://doi.org/10.1016/j.chom.2015.04.004
http://www.ncbi.nlm.nih.gov/pubmed/25974306
http://doi.org/10.1038/s41591-019-0714-x
http://www.ncbi.nlm.nih.gov/pubmed/31959989
http://doi.org/10.1371/journal.pone.0208171
http://www.ncbi.nlm.nih.gov/pubmed/30521551
http://doi.org/10.1038/srep24857
http://doi.org/10.1186/s13073-016-0307-y
http://www.ncbi.nlm.nih.gov/pubmed/27122046
http://doi.org/10.1016/j.chom.2016.05.003
http://doi.org/10.1016/j.tim.2013.04.002
http://doi.org/10.3389/fimmu.2021.644269
http://doi.org/10.3390/metabo11020123
http://doi.org/10.1136/bmj.k2179
http://www.ncbi.nlm.nih.gov/pubmed/29899036
http://doi.org/10.1038/nrmicro.2017.58
http://www.ncbi.nlm.nih.gov/pubmed/28626231

J. Clin. Med. 2022, 11, 649 20 of 24

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Burke, D.; Fouhy, F; Harrison, M.].; Rea, M.C.; Cotter, P.D.; O’Sullivan, O.; Stanton, C.; Hill, C.; Shanahan, F.; Plant, B.J; et al. The
altered gut microbiota in adults with cystic fibrosis. BMC Microbiol. 2017, 17, 58.

Nobel, Y.R.; Cox, L.M.; Kirigin, EE; Bokulich, N.A.; Yamanishi, S.; Teitler, I.; Chung, J.; Sohn, J.; Barber, C.M.; Goldfarb, D.S.; et al.
Metabolic and metagenomic outcomes from early-life pulsed antibiotic treatment. Nat. Commun. 2015, 6, 7486. [CrossRef]
Kristensen, M.; Prevaes, S.M.; Kalkman, G.; Tramper-Stranders, G.A.; Hasrat, R.; de Winter-de Groot, K.M.; Janssens, H.M,;
Tiddens, H.A.; van Westreenen, M.; Sanders, E.A_; et al. Development of the gut microbiota in early life: The impact of cystic
fibrosis and antibiotic treatment. J. Cyst. Fibros. 2020, 19, 553-561. [CrossRef]

Antosca, K.M.; Chernikova, D.A.; Price, C.E.; Ruoff, K.L.; Li, K.; Guill, M.E; Sontag, N.R.; Morrison, H.G.; Hao, S,;
Drumm, M.L.; et al. Altered Stool Microbiota of Infants with Cystic Fibrosis Shows a Reduction in Genera Associated with
Immune Programming from Birth. J. Bacteriol. 2019, 201, e00274-19. [CrossRef]

Debyser, G.; Mesuere, B.; Clement, L.; Van de Weygaert, ].; Van Hecke, P.; Duytschaever, G.; Aerts, M.; Dawyndst, P.; De Boeck, K.;
Vandamme, P; et al. Faecal proteomics: A tool to investigate dysbiosis and inflammation in patients with cystic fibrosis. J. Cyst.
Fibros. 2016, 15, 242-250. [CrossRef]

Matamouros, S.; Hayden, H.S.; Hager, K.R.; Brittnacher, M.].; Lachance, K.; Weiss, E.J.; Pope, C.E.; Imhaus, A.-F.; McNally, C.P;
Borenstein, E.; et al. Adaptation of commensal proliferating Escherichia coli to the intestinal tract of young children with cystic
fibrosis. Proc. Natl. Acad. Sci. USA 2018, 115, 1605-1610. [CrossRef]

Manor, O.; Levy, R,; Pope, C.E.; Hayden, H.S.; Brittnacher, M.J.; Carr, R; Radey, M.C.; Hager, K.R.; Heltshe, S.L;
Ramsey, B.W,; et al. Metagenomic evidence for taxonomic dysbiosis and functional imbalance in the gastrointestinal tracts of
children with cystic fibrosis. Sci. Rep. 2016, 6, 22493. [CrossRef]

Wang, Y.; Leong, L.E.; Keating, R.L.; Kanno, T.; Abell, G.C.; Mobegi, EM.; Choo, ] M.; Wesselingh, S.L.; Mason, A.].; Burr, L.D,; et al.
Opportunistic bacteria confer the ability to ferment prebiotic starch in the adult cystic fibrosis gut. Gut Microbes 2019, 10, 367-381.
[CrossRef]

Meeker, SM.; Mears, K.S.; Sangwan, N.; Brittnacher, M.J.; Weiss, E.J.; Treuting, PM.; Tolley, N.; Pope, C.E.; Hager, K.R,;
Vo, A.T,; et al. CFTR dysregulation drives active selection of the gut microbiome. PLOS Pathog. 2020, 16, e1008251. [CrossRef]
[PubMed]

Schippa, S.; Iebba, V.; Santangelo, F.; Gagliardi, A.; de Biase, R.V.; Stamato, A.; Bertasi, S.; Lucarelli, M.; Conte, M.P.; Quattrucci, S.
Cystic fibrosis transmembrane conductance regulator (CFTR) allelic variants relate to shifts in faecal microbiota of cystic fibrosis
patients. PLoS ONE 2013, 8, e61176. [CrossRef]

Ritz, S.; Hahn, D.; Wami, H.T.; Tegelkamp, K.; Dobrindt, U.; Schnekenburger, J. Gut microbiome as a response marker for
pancreatic enzyme replacement therapy in a porcine model of exocrine pancreas insufficiency. Microb. Cell Factories 2020, 19, 221.
[CrossRef]

Keeney, K.M.; Yurist-Doutsch, S.; Arrieta, M.-C.; Finlay, B.B. Effects of Antibiotics on Human Microbiota and Subsequent Disease.
Annu. Rev. Microbiol. 2014, 68, 217-235. [CrossRef] [PubMed]

Francino, M.P. Antibiotics and the Human Gut Microbiome: Dysbioses and Accumulation of Resistances. Front. Microbiol. 2015,
6,1543. [CrossRef] [PubMed]

Ianiro, G.; Tilg, H.; Gasbarrini, A. Antibiotics as deep modulators of gut microbiota: Between good and evil. Gut 2016,
65, 1906-1915. [CrossRef] [PubMed]

Yassour, M.; Vatanen, T.; Siljander, H.; Hamadldinen, A.-M.; Harkonen, T.; Ryhédnen, SJ.; Franzosa, E.A.; Vlamakis, H.;
Huttenhower, C.; Gevers, D.; et al. Natural history of the infant gut microbiome and impact of antibiotic treatment on bacterial
strain diversity and stability. Sci. Transl. Med. 2016, 8, 343ra81. [CrossRef]

Jernberg, C.; Lofmark, S.; Edlund, C.; Jansson, J.K. Long-term impacts of antibiotic exposure on the human intestinal microbiota.
Microbiology 2010, 156, 3216-3223. [CrossRef]

Langdon, A.; Crook, N.; Dantas, G. The effects of antibiotics on the microbiome throughout development and alternative
approaches for therapeutic modulation. Genome Med. 2016, 8, 39. [CrossRef]

Loman, B.R.; Shrestha, C.L.; Thompson, R.; Groner, J.A.; Mejias, A.; Ruoff, K.L.; O'Toole, G.A.; Bailey, M.T.; Kopp, B.T. Age
and environmental exposures influence the fecal bacteriome of young children with cystic fibrosis. Pediatr. Pulmonol. 2020,
55,1661-1670. [CrossRef]

Duytschaever, G.; Huys, G.; Bekaert, M.; Boulanger, L.; De Boeck, K.; Vandamme, P. Dysbiosis of bifidobacteria and Clostridium
cluster XIVa in the cystic fibrosis fecal microbiota. J. Cyst. Fibros. 2013, 12, 206-215. [CrossRef] [PubMed]

Duytschaever, G.; Huys, G.; Boulanger, L.; De Boeck, K.; Vandamme, P. Amoxicillin-clavulanic acid resistance in fecal Enterobac-
teriaceae from patients with cystic fibrosis and healthy siblings. J. Cyst. Fibros. 2013, 12, 780-783. [CrossRef]

Imhann, F; Bonder, M.J.; Vila, A.V,; Fu, J.; Mujagic, Z.; Vork, L.; Tigchelaar, E.F,; Jankipersadsing, S.A.; Cenit, M.C,;
Harmsen, H.J.M; et al. Proton pump inhibitors affect the gut microbiome. Gut 2016, 65, 740-748. [CrossRef] [PubMed]

Jackson, M.A.; Goodrich, J.K.; Maxan, M.-E.; Freedberg, D.E.; Abrams, ].A.; Poole, A.; Sutter, J.L.; Welter, D.; Ley, R.; Bell, J.; et al.
Proton pump inhibitors alter the composition of the gut microbiota. Gut 2016, 65, 749-756. [CrossRef]

Rosen, R.; Hu, L.; Amirault, ].; Khatwa, U.; Ward, D.V.; Onderdonk, A. 165 Community Profiling Identifies Proton Pump Inhibitor
Related Differences in Gastric, Lung, and Oropharyngeal Microflora. J. Pediatr. 2015, 166, 917-923. [CrossRef] [PubMed]


http://doi.org/10.1038/ncomms8486
http://doi.org/10.1016/j.jcf.2020.04.007
http://doi.org/10.1128/JB.00274-19
http://doi.org/10.1016/j.jcf.2015.08.003
http://doi.org/10.1073/pnas.1714373115
http://doi.org/10.1038/srep22493
http://doi.org/10.1080/19490976.2018.1534512
http://doi.org/10.1371/journal.ppat.1008251
http://www.ncbi.nlm.nih.gov/pubmed/31961914
http://doi.org/10.1371/annotation/a8b06cd3-c8a8-48fa-9748-b04fded4b963
http://doi.org/10.1186/s12934-020-01482-2
http://doi.org/10.1146/annurev-micro-091313-103456
http://www.ncbi.nlm.nih.gov/pubmed/24995874
http://doi.org/10.3389/fmicb.2015.01543
http://www.ncbi.nlm.nih.gov/pubmed/26793178
http://doi.org/10.1136/gutjnl-2016-312297
http://www.ncbi.nlm.nih.gov/pubmed/27531828
http://doi.org/10.1126/scitranslmed.aad0917
http://doi.org/10.1099/mic.0.040618-0
http://doi.org/10.1186/s13073-016-0294-z
http://doi.org/10.1002/ppul.24766
http://doi.org/10.1016/j.jcf.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23151540
http://doi.org/10.1016/j.jcf.2013.06.006
http://doi.org/10.1136/gutjnl-2015-310376
http://www.ncbi.nlm.nih.gov/pubmed/26657899
http://doi.org/10.1136/gutjnl-2015-310861
http://doi.org/10.1016/j.jpeds.2014.12.067
http://www.ncbi.nlm.nih.gov/pubmed/25661411

J. Clin. Med. 2022, 11, 649 21 of 24

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

De Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, ].B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of
diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci.
USA 2010, 107, 14691-14696. [CrossRef]

David, L.A.; Maurice, C.F,; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y,;
Fischbach, M.A ; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559-563. [CrossRef]
Carmody, R.N.; Gerber, G.K.; Luevano, ].M., Jr.; Gatti, D.M.; Somes, L.; Svenson, K.L.; Turnbaugh, P.J. Diet Dominates Host
Genotype in Shaping the Murine Gut Microbiota. Cell Host Microbe 2015, 17, 72-84. [CrossRef]

Lee, S.M.; Kim, N.; Yoon, H.; Nam, R.H.; Lee, D.H. Microbial Changes and Host Response in F344 Rat Colon Depending on Sex
and Age Following a High-Fat Diet. Front. Microbiol. 2018, 9, 2236. [CrossRef]

Anitha, M.; Reichardt, F.; Tabatabavakili, S.; Nezami, B.G.; Chassaing, B.; Mwangi, S.; Vijay-Kumar, M.; Gewirtz, A.; Srinivasan, S.
Intestinal Dysbiosis Contributes to the Delayed Gastrointestinal Transit in High-Fat Diet Fed Mice. Cell. Mol. Gastroenterol.
Hepatol. 2016, 2, 328-339. [CrossRef]

Tomas, J.; Mulet, C.; Saffarian, A.; Cavin, J.-B.; Ducroc, R.; Regnault, B.; Tan, C.K.; Duszka, K.; Burcelin, R.; Wahli, W.; et al.
High-fat diet modifies the PPAR-gamma pathway leading to disruption of microbial and physiological ecosystem in murine
small intestine. Proc. Natl. Acad. Sci. USA 2016, 113, E5934-E5943. [CrossRef] [PubMed]

Murphy, E.A.; Velazquez, K.T.; Herbert, K.M. Influence of high-fat diet on gut microbiota: A driving force for chronic disease risk.
Curr. Opin. Clin. Nutr. Metab. Care 2015, 18, 515-520. [CrossRef] [PubMed]

Enaud, R.; Prevel, R; Ciarlo, E.; Beaufils, F; Wieérs, G.; Guery, B.; Delhaes, L. The Gut-Lung Axis in Health and Respiratory
Diseases: A Place for Inter-Organ and Inter-Kingdom Crosstalks. Front. Cell. Infect. Microbiol. 2020, 10, 9. [CrossRef]

Dang, A.T.; Marsland, B.]. Microbes, metabolites, and the gut-lung axis. Mucosal. Immunol. 2019, 12, 843-850. [CrossRef]
[PubMed]

Corréa-Oliveira, R.; Fachi, J.L.; Vieira, A ; Sato, ET.; Vinolo, M.A.R. Regulation of immune cell function by short-chain fatty acids.
Clin. Transl. Immunol. 2016, 5, €73. [CrossRef] [PubMed]

Sun, M.; Wu, W,; Liu, Z.; Cong, Y. Microbiota metabolite short chain fatty acids, GPCR, and inflammatory bowel diseases. J.
Gastroenterol. 2017, 52, 1-8. [CrossRef]

Hoen, A.G.; Li, J.; Moulton, L.A.; O'Toole, G.A.; Housman, M.L.; Koestler, D.C.; Guill, M.E; Moore, J.; Hibberd, PL.;
Morrison, H.; et al. Associations between Gut Microbial Colonization in Early Life and Respiratory Outcomes in Cystic Fi-
brosis. J. Pediatr. 2015, 167, 138-147.€3. [CrossRef]

Hiippala, K.; Kainulainen, V.; Suutarinen, M.; Heini, T.; Bowers, J.R.; Jasso-Selles, D.; Lemmer, D.; Valentine, M.; Barnes, R.;
Engelthaler, D.M.; et al. Isolation of Anti-Inflammatory and Epithelium Reinforcing Bacteroides and Parabacteroides Spp. from A
Healthy Fecal Donor. Nutrients 2020, 12, 935. [CrossRef]

Lai, H.C,; Lin, T,; Chen, T.; Kuo, Y.; Chang, C.; Wu, T.; Shu, C.; Tsai, Y.; Swift, S.; Lu, C. Gut microbiota modulates COPD
pathogenesis: Role of anti-inflammatory Parabacteroides goldsteinii lipopolysaccharide. Gut 2022, 71, 309-321. [CrossRef]
Sanders, D.B.; Fink, A.; Mayer-Hamblett, N.; Schechter, M.S.; Sawicki, G.S.; Rosenfeld, M.; Flume, P.A.; Morgan, W.J. Early Life
Growth Trajectories in Cystic Fibrosis are Associated with Pulmonary Function at Age 6 Years. J. Pediatr. 2015, 167, 1081-1088.e1.
[CrossRef]

Stephenson, A.L.; Mannik, L.A.; Walsh, S.; Brotherwood, M.; Robert, R.; Darling, P.B.; Nisenbaum, R.; Moerman, J.; Stanojevic, S.
Longitudinal trends in nutritional status and the relation between lung function and BMI in cystic fibrosis: A population-based
cohort study. Am. J. Clin. Nutr. 2013, 97, 872-877. [CrossRef] [PubMed]

Steinkamp, G.; Wiedemann, B. Relationship between nutritional status and lung function in cystic fibrosis: Cross sectional and
longitudinal analyses from the German CF quality assurance (CFQA) project. Thorax 2002, 57, 596-601. [CrossRef] [PubMed]
Yen, E.H.; 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. [CrossRef] [PubMed]

Silva, Y.P.; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids from Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef] [PubMed]

Dalile, B.; Van Oudenhove, L.; Vervliet, B.; Verbeke, K. The role of short-chain fatty acids in microbiota-gut-brain communication.
Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 461-478. [CrossRef] [PubMed]

Koh, A.; De Vadder, F,; Kovatcheva-Datchary, P.; Backhed, F. From Dietary Fiber to Host Physiology: Short-Chain Fatty Acids as
Key Bacterial Metabolites. Cell 2016, 165, 1332-1345. [CrossRef]

Maciejewska, D.; Skonieczna-Zydecka, K.; Lukomska, A.; Gutowska, I.; Dec, K.; Kupnicka, P.; Palma, J.; Pilutin, A.; Marlicz, W.;
Stachowska, E. The short chain fatty acids and lipopolysaccharides status in Sprague-Dawley rats fed with high-fat and high-
cholesterol diet. J. Physiol. Pharmacol. Off. ]. Pol. Physiol. Soc. 2018, 69, 205-210.

Parada Venegas, D.; de la Fuente, M.K.; Landskron, G.; Gonzalez, M.].; Quera, R.; Dijkstra, G.; Harmsen, H.].M.; Faber, K.N;
Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277. [CrossRef]

Den Besten, G.; van Eunen, K.; Groen, A.K,; Venema, K.; Reijngoud, D.J.; Bakker, B.M. The role of short-chain fatty acids in the
interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325-2340. [CrossRef]

Krautkramer, K.A ; Fan, J.; Biackhed, F. Gut microbial metabolites as multi-kingdom intermediates. Nat. Rev. Genet. 2021, 19, 77-94.
[CrossRef]


http://doi.org/10.1073/pnas.1005963107
http://doi.org/10.1038/nature12820
http://doi.org/10.1016/j.chom.2014.11.010
http://doi.org/10.3389/fmicb.2018.02236
http://doi.org/10.1016/j.jcmgh.2015.12.008
http://doi.org/10.1073/pnas.1612559113
http://www.ncbi.nlm.nih.gov/pubmed/27638207
http://doi.org/10.1097/MCO.0000000000000209
http://www.ncbi.nlm.nih.gov/pubmed/26154278
http://doi.org/10.3389/fcimb.2020.00009
http://doi.org/10.1038/s41385-019-0160-6
http://www.ncbi.nlm.nih.gov/pubmed/30976087
http://doi.org/10.1038/cti.2016.17
http://www.ncbi.nlm.nih.gov/pubmed/27195116
http://doi.org/10.1007/s00535-016-1242-9
http://doi.org/10.1016/j.jpeds.2015.02.049
http://doi.org/10.3390/nu12040935
http://doi.org/10.1136/gutjnl-2020-322599
http://doi.org/10.1016/j.jpeds.2015.07.044
http://doi.org/10.3945/ajcn.112.051409
http://www.ncbi.nlm.nih.gov/pubmed/23388659
http://doi.org/10.1136/thorax.57.7.596
http://www.ncbi.nlm.nih.gov/pubmed/12096202
http://doi.org/10.1016/j.jpeds.2012.08.040
http://www.ncbi.nlm.nih.gov/pubmed/23062247
http://doi.org/10.3389/fendo.2020.00025
http://www.ncbi.nlm.nih.gov/pubmed/32082260
http://doi.org/10.1038/s41575-019-0157-3
http://www.ncbi.nlm.nih.gov/pubmed/31123355
http://doi.org/10.1016/j.cell.2016.05.041
http://doi.org/10.3389/fimmu.2019.00277
http://doi.org/10.1194/jlr.R036012
http://doi.org/10.1038/s41579-020-0438-4

J. Clin. Med. 2022, 11, 649 22 of 24

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Dengler, F; Kraetzig, A.; Gabel, G. Butyrate Protects Porcine Colon Epithelium from Hypoxia-Induced Damage on a Functional
Level. Nutrients 2021, 13, 305. [CrossRef] [PubMed]

Kelly, C.J.; Zheng, L.; Campbell, E.L.; Saeedi, B.; Scholz, C.C.; Bayless, A.J.; Wilson, K.E.; Glover, L.E.; Kominsky, D.J.;
Magnuson, A.; et al. Crosstalk between Microbiota-Derived Short-Chain Fatty Acids and Intestinal Epithelial HIF Augments
Tissue Barrier Function. Cell Host Microbe 2015, 17, 662—-671. [CrossRef]

Lee, C.; Kim, B.G,; Kim, J.H.; Chun, J.; Im, J.P; Kim, J.S. Sodium butyrate inhibits the NF-kappa B signaling pathway and
histone deacetylation, and attenuates experimental colitis in an IL-10 independent manner. Int. Immunopharmacol. 2017, 51, 47-56.
[CrossRef] [PubMed]

Yap, Y.A.; McLeod, K.H.; McKenzie, C.I.; Gavin, P.G.; Davalos-Salas, M.; Richards, J.L.; Moore, R.J.; Lockett, T.].; Clarke, ].M.;
Eng, V.V, et al. An acetate-yielding diet imprints an immune and anti-microbial programme against enteric infection. Clin. Transl.
Immunol. 2021, 10, €1233. [CrossRef]

Diao, H.; Jiao, A.R.; Yu, B.; Mao, X.B.; Chen, D.W. Gastric infusion of short-chain fatty acids can improve intestinal barrier function
in weaned piglets. Genes Nutr. 2019, 14, 4. [CrossRef]

Liu, L.; Sun, D.; Mao, S.; Zhu, W.; Liu, J. Infusion of sodium butyrate promotes rumen papillae growth and enhances expression of
genes related to rumen epithelial VFA uptake and metabolism in neonatal twin lambs. J. Anim. Sci. 2019, 97, 909-921. [CrossRef]
Louis, P; Flint, H.]. Formation of propionate and butyrate by the human colonic microbiota. Environ. Microbiol. 2017, 19, 29-41.
[CrossRef]

Wan, Y.; Wang, F; Yuan, J.; Li, J; Jiang, D.; Zhang, J.; Li, H.; Wang, R.; Tang, J.; Huang, T.; et al. Effects of dietary fat
on gut microbiota and faecal metabolites, and their relationship with cardiometabolic risk factors: A 6-month randomised
controlled-feeding trial. Gut 2019, 68, 1417-1429. [CrossRef]

Holota, Y.; Dovbynchuk, T.; Kaji, I.; Vareniuk, I.; Dzyubenko, N.; Chervinska, T.; Zakordonets, L.; Stetska, V.; Ostapchenko, L.;
Serhiychuk, T.; et al. The long-term consequences of antibiotic therapy: Role of colonic short-chain fatty acids (SCFA) system and
intestinal barrier integrity. PLoS ONE 2019, 14, e0220642. [CrossRef]

Holota, Y.V.; Holubenko, O.0.; Ostapchuk, A.M.; Serhiychuk, T.M.; Zakordonets, L.V.; Tolstanova, G.M. Fecal short-chain fatty
acids at different time points after ceftriaxone administration in rats. Ukr. Biochem. J. 2017, 89, 50-58. [CrossRef]

Guinan, J.; Wang, S.; Hazbun, T.R,; Yadav, H.; Thangamani, S. Antibiotic-induced decreases in the levels of microbial-derived
short-chain fatty acids correlate with increased gastrointestinal colonization of Candida albicans. Sci. Rep. 2019, 9, 8872. [CrossRef]
[PubMed]

Tottey, W.; Feria-Gervasio, D.; Gaci, N.; Laillet, B.; Pujos, E.; Martin, J.-F.,; Sebedio, J.-L.; Sion, B.; Jarrige, J.-F.; Alric, M.; et al.
Colonic Transit Time Is a Driven Force of the Gut Microbiota Composition and Metabolism: In Vitro Evidence. . Neurogastroenterol.
Motil. 2017, 23, 124-134. [CrossRef] [PubMed]

Roager, H.M.; Hansen, L.B.S.; Bahl, M.I,; Frandsen, H.L.; Carvalho, V.; Gebel, R.J.; Dalgaard, M.D.; Plichta, D.R.; Sparholt, M.H.;
Vestergaard, H.; et al. Colonic transit time is related to bacterial metabolism and mucosal turnover in the gut. Nat. Microbiol. 2016,
1, 16093. [CrossRef] [PubMed]

Scales, B.S.; Dickson, R.P.; Huffnagle, G.B. A tale of two sites: How inflammation can reshape the microbiomes of the gut and
lungs. J. Leukoc. Biol. 2016, 100, 943-950. [CrossRef] [PubMed]

Winter, S.E.; Baumler, A.J. Dysbiosis in the inflamed intestine: Chance favors the prepared microbe. Gut. Microbes. 2014, 5, 71-73.
[CrossRef]

Lupp, C.; Robertson, M.L.; Wickham, M.E; Sekirov, I.; Champion, O.L.; Gaynor, E.C.; Finlay, B.B. Host-mediated inflammation
disrupts the intestinal microbiota and promotes the overgrowth of Enterobacteriaceae. Cell Host Microbe 2007, 2, 119-129.
[CrossRef]

Imhann, F; Vila, AV, Bonder, M.J.; Fu, J.; Gevers, D.; Visschedijk, M.C.; Spekhorst, L.M.; Alberts, R.; Franke, L.;
Van Dullemen, HM.; et al. Interplay of host genetics and gut microbiota underlying the onset and clinical presentation
of inflammatory bowel disease. Gut 2018, 67, 108-119. [CrossRef]

Zuo, T.; Ng, S.C. The Gut Microbiota in the Pathogenesis and Therapeutics of Inflammatory Bowel Disease. Front. Microbiol. 2018,
9,2247. [CrossRef]

Caruso, R.; Lo, B.C.; Nuriez, G. Host-microbiota interactions in inflammatory bowel disease. Nat. Rev. Immunol. 2020, 20, 411-426.
[CrossRef]

Rowe, S.M.; Heltshe, S.L.; Gonska, T.; Donaldson, S.H.; Borowitz, D.; Gelfond, D.; Sagel, S.D.; Khan, U.; Mayer-Hamblett, N.; Van
Dalfsen, ].M.; et al. 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. [CrossRef]

Ramsey, B.W.; Davies, J.; McElvaney, N.G.; Tullis, E.; Bell, S.C.; Dievinek, P.; Griese, M.; McKone, E.F,; Wainwright, C.E.;
Konstan, M.W,; et al. A CFTR potentiator in patients with cystic fibrosis and the G551D mutation. N. Engl. |. Med. 2011,
365, 1663-1672. [CrossRef] [PubMed]

Wainwright, C.E.; Elborn, ].S.; Ramsey, B.W.; Marigowda, G.; Huang, X.; Cipolli, M.; Colombo, C.; Davies, J.C.; De Boeck, K;
Flume, P.A.; et al. Lumacaftor-Ivacaftor in Patients with Cystic Fibrosis Homozygous for Phe508del CFTR. N. Engl. ]. Med. 2015,
373,220-231. [CrossRef] [PubMed]


http://doi.org/10.3390/nu13020305
http://www.ncbi.nlm.nih.gov/pubmed/33498991
http://doi.org/10.1016/j.chom.2015.03.005
http://doi.org/10.1016/j.intimp.2017.07.023
http://www.ncbi.nlm.nih.gov/pubmed/28802151
http://doi.org/10.1002/cti2.1233
http://doi.org/10.1186/s12263-019-0626-x
http://doi.org/10.1093/jas/sky459
http://doi.org/10.1111/1462-2920.13589
http://doi.org/10.1136/gutjnl-2018-317609
http://doi.org/10.1371/journal.pone.0220642
http://doi.org/10.15407/ubj89.01.050
http://doi.org/10.1038/s41598-019-45467-7
http://www.ncbi.nlm.nih.gov/pubmed/31222159
http://doi.org/10.5056/jnm16042
http://www.ncbi.nlm.nih.gov/pubmed/27530163
http://doi.org/10.1038/nmicrobiol.2016.93
http://www.ncbi.nlm.nih.gov/pubmed/27562254
http://doi.org/10.1189/jlb.3MR0316-106R
http://www.ncbi.nlm.nih.gov/pubmed/27365534
http://doi.org/10.4161/gmic.27129
http://doi.org/10.1016/j.chom.2007.06.010
http://doi.org/10.1136/gutjnl-2016-312135
http://doi.org/10.3389/fmicb.2018.02247
http://doi.org/10.1038/s41577-019-0268-7
http://doi.org/10.1164/rccm.201404-0703OC
http://doi.org/10.1056/NEJMoa1105185
http://www.ncbi.nlm.nih.gov/pubmed/22047557
http://doi.org/10.1056/NEJMoa1409547
http://www.ncbi.nlm.nih.gov/pubmed/25981758

J. Clin. Med. 2022, 11, 649 23 of 24

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Gelfond, D.; Heltshe, S.; Ma, C.; Rowe, S.M.; Frederick, C.; Uluer, A.; Sicilian, L.; Konstan, M.; Tullis, E.; Roach, C.R.N.; et al.
Impact of CFTR Modulation on Intestinal pH, Motility, and Clinical Outcomes in Patients With Cystic Fibrosis and the G551D
Mutation. Clin. Transl. Gastroenterol. 2017, 8, e81. [CrossRef] [PubMed]

Kristensen, M.; Groot, K.D.W.-D,; Berkers, G.; Chu, M.; Arp, K.; Ghijsen, S.; Heijerman, H.; Arets, H.; Majoor, C.; Janssens, H.; et al.
Individual and Group Response of Treatment with Ivacaftor on Airway and Gut Microbiota in People with CF and a S1251N
Mutation. J. Pers. Med. 2021, 11, 350. [CrossRef]

Pope, C.; Vo, A.; Hayden, H.; Weiss, E.; Durfey, S.; McNamara, S.; Ratjen, A.; Grogan, B.; Carter, S.; Nay, L.; et al. Changes in fecal
microbiota with CFTR modulator therapy: A pilot study. J. Cyst. Fibros. 2021, 20, 742-746. [CrossRef]

Neri, L.D.C.L.; Taminato, M.; da Silva, L.V.R.F. Systematic Review of Probiotics for Cystic Fibrosis Patients: Moving Forward. J.
Pediatr. Gastroenterol. Nutr. 2019, 68, 394-399. [CrossRef] [PubMed]

Van Biervliet, S.; Declercq, D.; Somerset, S. Clinical effects of probiotics in cystic fibrosis patients: A systematic review. Clin. Nutr.
ESPEN 2017, 18, 37-43. [CrossRef]

Anderson, ].L.; Miles, C.; Tierney, A.C. Effect of probiotics on respiratory, gastrointestinal and nutritional outcomes in patients
with cystic fibrosis: A systematic review. J. Cyst. Fibros. 2017, 16, 186-197. [CrossRef]

Nikniaz, Z.; Nikniaz, L.; Bilan, N.; Somi, M.H.; Faramarzi, E. Does probiotic supplementation affect pulmonary exacerbation and
intestinal inflammation in cystic fibrosis: A systematic review of randomized clinical trials. World |. Pediatr. 2017, 13, 307-313.
[CrossRef]

Ananthan, A.; Balasubramanian, H.; Rao, S.; Patole, S. Probiotic supplementation in children with cystic fibrosis—a systematic
review. Eur. |. Pediatr. 2016, 175, 1255-1266. [CrossRef]

Arthur, J.C.; Perez-Chanona, E.; Miihlbauer, M.; Tomkovich, S.; Uronis, ].M.; Fan, T.-].; Campbell, B.J.; Abujamel, T.; Dogan, B.;
Rogers, A.B.; et al. Intestinal Inflammation Targets Cancer-Inducing Activity of the Microbiota. Science 2012, 338, 120-123.
[CrossRef] [PubMed]

Ullman, T.A.; Itzkowitz, S.H. Intestinal Inflammation and Cancer. Gastroenterology 2011, 140, 1807-1816. [CrossRef] [PubMed]
Terzi¢, J.; Grivennikov, S.; Karin, E.; Karin, M. Inflammation and Colon Cancer. Gastroenterology 2010, 138, 2101-2114.e5. [CrossRef]
[PubMed]

Ekbom, A.; Helmick, C.; Zack, M.; Adami, H.O. Ulcerative colitis and colorectal cancer. A population-based study. N. Engl. ].
Med. 1990, 323, 1228-1233. [CrossRef]

Rutter, M.; Saunders, B.; Wilkinson, K.; Rumbles, S.; Schofield, G.; Kamm, M.; Williams, C.; Price, A.; Talbot, L.; Forbes, A. Severity
of inflammation is a risk factor for colorectal neoplasia in ulcerative colitis. Gastroenterology 2004, 126, 451-459. [CrossRef]
Itzkowitz, S.H.; Yio, X. Inflammation and cancer IV. Colorectal cancer in inflammatory bowel disease: The role of inflammation.
Am. ]. Physiol. Gastrointest. Liver. Physiol. 2004, 287, G7-G17. [CrossRef]

Pleguezuelos-Manzano, C.; Puschhof, J.; Rosendahl Huber, A.; Van Hoeck, A.; Wood, H.M.; Nomburg, J.; Gurjao, C.; Manders, E;
Dalmasso, G.; Stege, P.B.; et al. Mutational signature in colorectal cancer caused by genotoxic pks+ E. coli. Nature 2020, 580, 269-273.
[CrossRef]

Bonnet, M.; Bug, E.; Sauvanet, P.; Darcha, C.; Dubois, D.; Pereira, B.; Déchelotte, P.; Bonnet, R.; Pezet, D.; Darfeuille-Michaud, A.
Colonization of the Human Gut by E. coli and Colorectal Cancer Risk. Clin. Cancer Res. 2014, 20, 859-867. [CrossRef]

Martin, HM.; Campbell, B.J.; Hart, C.; Mpofu, C.; Nayar, M.; Singh, R.; Englyst, H.; Williams, H.F.; Rhodes, ].M. Enhanced
Escherichia coli adherence and invasion in Crohn’s disease and colon cancer. Gastroenterology 2004, 127, 80-93. [CrossRef]

Wu, N.; Yang, X,; Zhang, R.; Li, J.; Xiao, X.; Hu, Y,; Chen, Y,; Yang, F; Lu, N.; Wang, Z.; et al. Dysbiosis Signature of Fecal
Microbiota in Colorectal Cancer Patients. Microb. Ecol. 2013, 66, 462-470. [CrossRef]

Nakatsu, G.; Zhou, H.; Wu, WK_; Wong, S.H.; Coker, O.0O.; Dai, Z; Li, X.; Szeto, C.H.; Sugimura, N.; Lam, T.Y.-T.; et al. Alterations
in Enteric Virome Are Associated With Colorectal Cancer and Survival Outcomes. Gastroenterology 2018, 155, 529-541.e5.
[CrossRef] [PubMed]

Coker, O.0.; Nakatsu, G.; Dai, R.Z.; Wu, WK, Wong, S.H.; Ng, S.C.; Chan, EK,; Sung, ].].Y.; Yu, ]J. Enteric fungal microbiota
dysbiosis and ecological alterations in colorectal cancer. Gut 2019, 68, 654-662. [CrossRef] [PubMed]

Metzger, R.N.; Krug, A.B.; Eisendcher, K. Enteric Virome Sensing—Its Role in Intestinal Homeostasis and Immunity. Viruses 2018,
10, 146. [CrossRef] [PubMed]

Vitetta, L.; Vitetta, G.; Hall, S. Inmunological Tolerance and Function: Associations Between Intestinal Bacteria, Probiotics,
Prebiotics, and Phages. Front. Immunol. 2018, 9, 2240. [CrossRef]

Clooney, A.G.; Sutton, T.D.; Shkoporov, A.N.; Holohan, RK,; Daly, KM.; O'Regan, O.; Ryan, F; Draper, L.A.; Plevy, S.E,;
Ross, R.; et al. Whole-Virome Analysis Sheds Light on Viral Dark Matter in Inflammatory Bowel Disease. Cell Host Microbe 2019,
26,764-778.e5. [CrossRef]

Zuo, T,; Lu, X.-J.; Zhang, Y.; Cheung, C.P.; Lam, S.; Zhang, F; Tang, W.; Ching, ].Y.L.; Zhao, R.; Chan, PK.S.; et al. Gut mucosal
virome alterations in ulcerative colitis. Gut 2019, 68, 1169-1179. [CrossRef]

Norman, J.M.; Handley, S.A.; Baldridge, M.T.; Droit, L.; Liu, C.Y.; Keller, B.C.; Kambal, A.; Monaco, C.L.; Zhao, G
Fleshner, P; et al. Disease-Specific Alterations in the Enteric Virome in Inflammatory Bowel Disease. Cell 2015, 160, 447-460.
[CrossRef]

Coffey, ML].; Low, L; Stelzer-Braid, S.; Wemheuer, B.; Garg, M.; Thomas, T.; Jaffe, A.; Rawlinson, W.D.; Ooi, C.Y. The intestinal
virome in children with cystic fibrosis differs from healthy controls. PLoS ONE 2020, 15, e0233557. [CrossRef]


http://doi.org/10.1038/ctg.2017.10
http://www.ncbi.nlm.nih.gov/pubmed/28300821
http://doi.org/10.3390/jpm11050350
http://doi.org/10.1016/j.jcf.2020.12.002
http://doi.org/10.1097/MPG.0000000000002185
http://www.ncbi.nlm.nih.gov/pubmed/30358738
http://doi.org/10.1016/j.clnesp.2017.01.007
http://doi.org/10.1016/j.jcf.2016.09.004
http://doi.org/10.1007/s12519-017-0033-6
http://doi.org/10.1007/s00431-016-2769-8
http://doi.org/10.1126/science.1224820
http://www.ncbi.nlm.nih.gov/pubmed/22903521
http://doi.org/10.1053/j.gastro.2011.01.057
http://www.ncbi.nlm.nih.gov/pubmed/21530747
http://doi.org/10.1053/j.gastro.2010.01.058
http://www.ncbi.nlm.nih.gov/pubmed/20420949
http://doi.org/10.1056/NEJM199011013231802
http://doi.org/10.1053/j.gastro.2003.11.010
http://doi.org/10.1152/ajpgi.00079.2004
http://doi.org/10.1038/s41586-020-2080-8
http://doi.org/10.1158/1078-0432.CCR-13-1343
http://doi.org/10.1053/j.gastro.2004.03.054
http://doi.org/10.1007/s00248-013-0245-9
http://doi.org/10.1053/j.gastro.2018.04.018
http://www.ncbi.nlm.nih.gov/pubmed/29689266
http://doi.org/10.1136/gutjnl-2018-317178
http://www.ncbi.nlm.nih.gov/pubmed/30472682
http://doi.org/10.3390/v10040146
http://www.ncbi.nlm.nih.gov/pubmed/29570694
http://doi.org/10.3389/fimmu.2018.02240
http://doi.org/10.1016/j.chom.2019.10.009
http://doi.org/10.1136/gutjnl-2018-318131
http://doi.org/10.1016/j.cell.2015.01.002
http://doi.org/10.1371/journal.pone.0233557

J. Clin. Med. 2022, 11, 649 24 of 24

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

Gutierrez, M.W.; Arrieta, M.-C. The intestinal mycobiome as a determinant of host immune and metabolic health. Curr. Opin.
Microbiol. 2021, 62, 8-13. [CrossRef]

Hallen-Adams, H.E.; Suhr, M.]. Fungi in the healthy human gastrointestinal tract. Virulence 2016, 8, 352-358. [CrossRef]

Nash, AK.; Auchtung, T.A.; Wong, M.C.; Smith, D.P; Gesell, J.R.; Ross, M.C.; Stewart, C.J.; Metcalf, G.A.; Muzny, D.M,;
Gibbs, R.A.; et al. The gut mycobiome of the Human Microbiome Project healthy cohort. Microbiome 2017, 5, 153. [CrossRef]
[PubMed]

Li, X.V,; Leonardi, L; Iliev, L.D. Gut Mycobiota in Immunity and Inflammatory Disease. Immunity 2019, 50, 1365-1379. [CrossRef]
[PubMed]

Sokol, H.; Leducq, V.; Aschard, H.; Pham, H.-P; Jegou, S.; Landman, C.; Cohen, D.; Liguori, G.; Bourrier, A.; Nion-Larmurier, I.; et al.
Fungal microbiota dysbiosis in IBD. Gut 2017, 66, 1039-1048. [CrossRef]

Limon, ].J.; Tang, J.; Li, D.; Wolf, A .J.; Michelsen, K.S.; Funari, V.; Gargus, M.; Nguyen, C.; Sharma, P.; Maymi, V.I; et al. Malassezia
Is Associated with Crohn’s Disease and Exacerbates Colitis in Mouse Models. Cell Host Microbe 2019, 25, 377-388.e6. [CrossRef]
[PubMed]

Hoarau, G.; Mukherjee, PK.; Gower, C.; Hager, C.; Chandra, J.; Retuerto, M.A.; Neut, C.; Vermeire, S.; Clemente, J.;
Colombel, ].E; et al. Bacteriome and Mycobiome Interactions Underscore Microbial Dysbiosis in Familial Crohn’s Disease. mBio
2016, 7, €01250-16. [CrossRef] [PubMed]

Lemoinne, S.; Kemgang, A.; Ben Belkacem, K.; Straube, M.; Jegou, S.; Corpechot, C.; Chazouilleres, O.; Housset, C.; Sokol, H.;
Network, S.-A.I. Fungi participate in the dysbiosis of gut microbiota in patients with primary sclerosing cholangitis. Gut 2020,
69, 92-102. [CrossRef]

Yang, A.-M.; Inamine, T.; Hochrath, K.; Chen, P.; Wang, L.; Llorente, C.; Bluemel, S.; Hartmann, P.; Xu, J.; Koyama, Y.; et al.
Intestinal fungi contribute to development of alcoholic liver disease. J. Clin. Investig. 2017, 127, 2829-2841. [CrossRef]

Mar Rodriguez, M.; Pérez, D.; Javier Chaves, F; Esteve, E.; Marin-Garcia, P.; Xifra, G.; Vendrell, J.; Jové, M.; Pamplona, R,;
Ricart, W.; et al. Obesity changes the human gut mycobiome. Sci. Rep. 2015, 5, 14600. [CrossRef]

Aykut, B.; Pushalkar, S.; Chen, R.; Li, Q.; Abengozar, R.; Kim, ].I.; Shadaloey, S.A.; Wu, D.; Preiss, P.; Verma, N.; et al. The fungal
mycobiome promotes pancreatic oncogenesis via activation of MBL. Nature 2019, 574, 264-267. [CrossRef]

Hardouin, P,; Chiron, R.; Marchandin, H.; Armengaud, J.; Grenga, L. Metaproteomics to Decipher CF Host-Microbiota Interactions:
Overview, Challenges and Future Perspectives. Genes 2021, 12, 892. [CrossRef]

Garcia-Duran, C.; Martinez-Lopez, R.; Zapico, I.; Pérez, E.; Romeu, E.; Arroyo, J.; Hernaez, M.L.; Pitarch, A.; Monteoliva, L.;
Gil, C. Distinct Human Gut Microbial Taxonomic Signatures Uncovered With Different Sample Processing and Microbial Cell
Disruption Methods for Metaproteomic Analysis. Front. Microbiol. 2021, 12, 618566. [CrossRef]


http://doi.org/10.1016/j.mib.2021.04.004
http://doi.org/10.1080/21505594.2016.1247140
http://doi.org/10.1186/s40168-017-0373-4
http://www.ncbi.nlm.nih.gov/pubmed/29178920
http://doi.org/10.1016/j.immuni.2019.05.023
http://www.ncbi.nlm.nih.gov/pubmed/31216461
http://doi.org/10.1136/gutjnl-2015-310746
http://doi.org/10.1016/j.chom.2019.01.007
http://www.ncbi.nlm.nih.gov/pubmed/30850233
http://doi.org/10.1128/mBio.01250-16
http://www.ncbi.nlm.nih.gov/pubmed/27651359
http://doi.org/10.1136/gutjnl-2018-317791
http://doi.org/10.1172/JCI90562
http://doi.org/10.1038/srep14600
http://doi.org/10.1038/s41586-019-1608-2
http://doi.org/10.3390/genes12060892
http://doi.org/10.3389/fmicb.2021.618566

	Introduction 
	CFTR in the Gastrointestinal Tract 
	Intestinal Inflammation 
	The Intestine Is a Site of Inflammation in CF 
	Pathogenesis of Intestinal Inflammation in CF 
	CFTR Dysfunction 
	Intestinal Dysmotility 
	Intestinal Dysbiosis 
	Increased Intestinal Permeability 

	Clinical Correlations with Intestinal Inflammation 
	Exocrine Pancreatic Status, Age, and Lung Function 
	Growth Parameters 
	Quality of Life and Hospitalisations 
	Iatrogenic Factors: High-Fat Diet and Antibiotic Use 


	The CF Gut Microbiome 
	Species Diversity and Microbiome Maturation 
	Microbial Composition and Functionality 
	Pathogenesis of Intestinal Dysbiosis 
	CFTR Dysfunction 
	Exocrine Pancreatic Status 
	Antibiotic and Proton Pump Inhibitor Use 
	High-Fat Diet 

	Clinical Significance of the Gut Microbiome in CF 
	Pulmonary Function and the Gut–Lung Axis 
	Growth and Nutritional Status 


	Linking Intestinal Inflammation and Gut Dysbiosis 
	CF Intestinal Disease in the Era of CFTR Modulator Therapies 
	Future Directions 
	Probiotics 
	The Increased Risk of GI Malignancies 
	The Intestinal Virome and Mycobiome 
	Multi-Omics Research 

	Conclusions 
	References

