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Cystic fibrosis (CF)-related diabetes (CFRD) is thought to result from beta-cell injury due in part to
pancreas exocrine damage and lipofibrosis. CFRD pancreata exhibit reduced islet density and altered
cellular composition. To investigate a possible etiology, we tested the hypothesis that such changes
are present in CF pancreata before the development of lipofibrosis. We evaluated pancreas and islet
morphology in tissues from very young CF children (<4 years of age), and adult patients with CF
and CFRD. The relative number of beta-cells in young CF tissues was reduced by 50% or more when
compared to age-matched controls. Furthermore, young CF tissues displayed significantly smaller

. insulin-positive areas, lower proportion of beta-cells positive for the proliferation marker Ki67 or the

. ductal marker CK19 vs. control subjects, and islet inflammatory cell infiltrates, independently of the
severity of the exocrine lesion and in the absence of amyloid deposits. CFRD pancreata exhibited
greater islet injury with further reduction in islet density, decreased relative beta-cell number, and
presence of amyloid deposits. Together, these results strongly suggest that an early deficiency in beta-
cell number in infants with CF may contribute to the development of glucose intolerance in the CF
pediatric population, and to CFRD, later in life.

Cystic fibrosis (CF) is the most common lethal genetic disorder of childhood in the Caucasian population and is
- due to recessive mutations in ABCC7, the gene encoding the CF transmembrane conductance regulator (CFTR).
© When CFTR is functionally compromised, abnormal exit of Cl~ from epithelial cells defines a progressive
: multi-organ disease, affecting the lungs, exocrine pancreas (insufficiency), and gut pathology'. With the devel-
opment of new therapies and extended life expectancy CF patients represent the population with the highest risk
for age-related diabetes mellitus (CFRD), currently affecting ~20% of adolescents and ~50% of young adults>™*.
The etiology of CFRD is complex, but its causes and pathophysiology remain largely unknown. Currently, glu-
cose intolerance and diabetes in CF are thought to be mainly related to insulin deficiency due to reduced beta-cell
* mass, function, or a combination of both®-1. The observation of pancreatic islets amidst a lipoatrophic or fibrotic
. tissue formed the basis for the view that pancreatic fibrosis resulting from chronic pancreatic pathology is the
© main cause of beta-cell dysfunction and destruction in CE. Nevertheless, the progressive exocrine damage alone
cannot entirely explain the development of CFRD; not all CF patients with exocrine pancreatic insufficiency or
severe pancreatic fibrosis develop CFRD??. In addition, although pancreatic insufficiency presents within the first
few months of life, diabetes develops years after exocrine pancreatic destruction has taken place?!!. Because the
anatomic component of pancreatic insufficiency/fibrosis per se cannot adequately explain CFRD, we hypothe-
sized that beta-cell mass may be reduced in the CF pancreas prior to development of fibrosis.
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Figure 1. Islet architecture in the young CF pancreas. Immunostaining for chymotrypsin (CHYM, brown) and
synaptophysin (SYN, magenta) in normal (a) and CF (b-f) pancreas. The CF tissues from very young patients
show different degrees of histopathological changes in the exocrine pancreas. SYN-positive cells are located
adjacent to CHYM-positive acini, CHYM-negative duct or duct-like structures, or surrounded by fibrosis, and
are indicated by the green, blue, or red arrows and insets, respectively. The islets indicated by the thicker arrows
are shown magnified within the insets. Scale bar: 50 um.

To test this hypothesis, we studied pancreatic tissues from a cohort of children (<4 years of age) who died
of CF. We show for the first time that beta-cell mass is reduced in pancreata from these children compared to
age-matched controls without CF, independently of the severity of exocrine damage. We found that young CF
islets display evidence for a reduced rate of beta-cell replication and neogenesis, leukocyte infiltration, and
absence of amyloid deposits. The presence of a smaller-than-normal beta-cell population with lower capacity to
generate new beta cells could provide the morphologic basis for the altered glucose tolerance observed in young
patients with CF and the development of CFRD later in life.

Results

Exocrine fibrotic or fatty transformation is not a feature of the young CF tissues. To deter-
mine the relationship between islet morphological changes and severity of exocrine pathology in CF, we first
evaluated histologic changes in the exocrine pancreas of CF and CFRD patients. These results are summarized
in Supplementary Table S1 and representative images are shown in Supplementary Fig. S1. The degree of exo-
crine damage varied among patients younger than 1 year of age and did not correlate with the patient’s age
(Supplementary Fig. S2). This lack of correlation was most evident in the tissues from patients 6 month old and
younger (Supplementary Fig. S2). Greater destruction of the acinar tissue with age was noticeable in tissues from
young CF patients 1 to 4 years of age, with 75% showing severe exocrine damage (grade 4 or 5) as compared to
tissues from younger (<1 year) patients, of which only 23% were grade 4 (Supplementary Table S1). These data
provide support for the absence of exocrine lipofibrotic replacement and cystic dilation of the pancreatic ducts in
the very young CF pancreas.

Altered islet size is a feature of the CF pancreas with advanced exocrine damage. To determine
whether islets from young CF patients show morphological characteristics different from those of adult CF and
CFRD patients, we examined the tissues of younger patients separately and according to their histopathologic
grade. For grades 1 or 2 young CF pancreas tissues, islet cell number was comparable to that observed in the
age-matched normal tissues (Fig. 1a—c, Supplementary Fig. $3). In these CF tissues, islets were of variable size
(Table 1), and occurred as single units or in small groups, arranged in a back-to-back position. The endocrine
cells also occurred as dispersed single cells or clusters, adjacent to exocrine acini, duct-like structures, or pancre-
atic ducts (Fig. 1b and ¢, Supplementary Fig. S3).

For grades 3 and 4, islets were smaller than those in pancreata with less exocrine damage (Table 1). A substan-
tial decrease (50-70%) in the chymotrypsin-positive areas was observed, therefore, islets and endocrine cell clus-
ters were located mainly in midst of fibrosis or in vicinity of the duct-like structures (Fig. 1d and e, Supplementary
Fig. S3). In the CF13 pancreas (Supplementary Fig. S3), the islets were significantly smaller, and the endocrine
cells clusters were numerous, containing three to ten synaptophysin-positive (SYN) cells. The most prominent
changes in islet morphology were observed in grade 5 CF pancreas (CF16), where islets were surrounded by thick
collagen bundles and intra-islet fibrosis (Fig. 1f).
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Number of cells per islet*
Tissues N (mean + SD) range
Young control 11 69425 23 to 300
Young CF 16 61123 220 280
Histopathologic grade
land2 6 75420 22 to 280
3 5 57+18 22 to 160
4 3 46+21 21to 160
4 1(CF13) 35418 25t0 80
5 1 (CF16) 33416 21to0 70

Table 1. Quantification of the number of endocrine cells per islet. “Number of cells per islets represents the
number of nucleated synaptophysin-positive cells counted within the cross-sections of the pancreatic islets.
Data are mean 4= SD of measurements obtained from the indicated number of cases. "Represents the mean 4- SD
of measurements obtained from 310 and 180 islets counted in the CF13 and CF16 cases, respectively. p < 0.01,
vs. controls.

In the adult CF and CFRD pancreas tissues, islets were either surrounded by fibrosis or embedded in adipose
tissue, consistent with the previously described “fibrotic” or “lipoatrophic” patterns®®®. In the CF tissues showing
the “fibrotic” pattern (CF17, CF18, CFRD?2), islets occurred mainly in clusters and appeared as masses of densely
packed endocrine cells (Supplementary Fig. S4). These tissues contained 250, 180, and 50 islets per cm? tissue,
respectively. In CF19 and other CFRD pancreata with the “lipoatrophic” pattern, islets were scarce (7 to 21 islets
per cm? tissue), surrounded by adipose tissue (Supplementary Fig. S4), and showed altered morphology.

Taken together, these results suggest that changes in islet architecture are more evident in the CF tissues in
advanced stages of exocrine destruction. In the adult CF pancreas, altered islet morphology and density were
more pronounced in the presence of CFRD and in tissues with a “lipoatrophic” pattern.

Insulin-positive (INS) areas are decreased in the young CF pancreas with minimal exocrine pan-
creas damage. As shown in Fig. 2a,e and i, Table 1, and Supplementary Table S1, the islet endocrine areas
and cell number in young CF tissues were not different from that of controls. Whether comparable relative islet
areas reflect comparable sizes of the total islet cell population in the CF and normal pancreas could not be deter-
mined since the pancreas weights were not available. However, referring to earlier studies that reported similar
pancreas weights in normal and CF infants up to 6 months of age!>'%, it appears that, at least in the first 6 months
of life, the endocrine cell mass is comparable between the normal and CF tissues.

In adult CF tissues (CF 17-19, CFRD 1-8), the relative synaptophysin-positive (SYN) islet areas were also
comparable to those in age-matched controls (1 +2% and 1 4 1%, respectively, p > 0.05). When the CF tissues
were examined according to the presence or absence of CFRD, smaller relative SYN areas were found in the
CFRD (0.3 £0.6%) vs. CF tissues (1 = 1%). Examination of the CF tissues according to the histologic pattern
of the exocrine lesion indicated that the relative islet areas were smaller in the CF tissues with “lipoatrophic”
pattern (0.1 4 0.1%, n = 8) as compared to 4.5+ 3.7% (n=3, p < 0.05) observed in those with the “fibrotic” pat-
tern. A similar trend was found when the number of cells per islets was examined in the CF and CFRD tissues.
CFRD islets contained fewer SYN cells (32 & 12 cells per islet) than the CF islets (59 + 12 cells per islets, p < 0.05).
Similarly, islets in the CF tissues with the “lipoatrophic” histopathological pattern contained on average fewer
cells than those presenting the “fibrotic” pattern (35 vs. 54 cells per islet, respectively).

The data indicate that islet size is not affected in the young CF tissues, and that CFRD and the “lipoatrophic”
histopathological pattern are associated with decreased relative pancreatic islet area and reduced islet endocrine
cell number.

Despite showing an islet size comparable to that of control tissues, the young CF tissues exhibited significantly
lower relative pancreas INS areas, reduced islet INS areas, reduced number of INS cells per islet, and a smaller
percentage of INS cells, compared to age-matched controls (Fig. 2f-h,j—n). Correlation analysis between relative
INS cell number and histopathological grade (Fig. 20) did not indicate that a lower beta-cell percentage in the
young CF tissues related to more extensive exocrine loss and tissue fibrosis. The glucagon-positive (GLUC) and
somatostatin-positive (SOM) cells accounted for the majority (61 £ 3%) of the endocrine cells and occurred in
similar proportions (Fig. 2p, Supplementary Fig. S5). This contrasts with their distribution in normal islets where
these endocrine cell types accounted for 28 & 3% of the endocrine cells. The pancreatic polypeptide-positive
(PP) cells were more frequently observed in the CF pancreas (3 £2%) vs. controls (<0.1% of the endocrine cells,
Fig. 2p).

Adult CF and CFRD tissues were also characterized by a significantly lower relative proportion of INS cells
vs. controls (Supplementary Fig. S6), as previously reported®. Regarding islet cellular composition, no dis-
tinction could be made between CF and CFRD tissues or between CF and CFRD tissues with the “fibrotic” or
“lipoatrophic” patterns.

The data indicate that islet cellular composition is altered in the young CF pancreas, likely due to a reduced
number of beta cells, and that these changes persist in the adult CF and CFRD pancreas.

Beta-cell proliferation and neogenesis are reduced in the CF pancreas. To determine if pancre-
atic beta-cell growth is affected in CF, we examined the rate of beta-cell proliferation and neogenesis in CF and
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Figure 2. Quantitative analysis of the relative endocrine cell areas and islet cell composition. Immunostaining
for synaptophysin (SYN) in brown, insulin (INS) in green, and glucagon (GLUC), somatostatin (SOM) and
pancreatic polypeptide (PP) in red in normal (a-d) and CF (e-h) pancreas. Scale bars: 50 um. (i and j) Plots of
relative pancreatic SYN-positive (SYN+) and INS-positive (INS+) areas. **p < 0.001 vs. normal tissues.

(k and 1) Histograms of the distribution of the SYN+ and INS+- areas in the young normal and CF pancreas
tissues indicate percent islets with SYN+ or INS+ areas falling within each islet SYN+ or INS+- area category.
Data include measurements of 18622, 7004, and 6597 islets with SYN— or INS-positive areas <500 pm?,
500-1000 um?, or >1000 um?, respectively, from 16 CF and 11 normal pancreas tissues. **p < 0.001 vs. normal
tissues. (m) Plots of percent islet INS+ cells in the young CF pancreas as function of age. (n) Number of INS+
cells per islet in the young normal and CF pancreas. ***p < 0.0001 vs. normal tissues. (0) Correlation analysis
of percent islet INS+ cells with the CF histopathological grade. The numbers of CF tissues falling into each
grade category are shown above the measurements. Each dot represents one young CF pancreas (n = 16). The
correlation coefficient is R=10.06. (p) Quantitative analysis of islet cellular composition. Data are mean £SD
of measurements obtained from young normal (n=11) and young CF (n = 16) pancreata. **p < 0.001 vs. age-
matched controls. Red circles and bars, young CF tissues; blue circles and bars, young normal tissues.

CFRD pancreata. In contrast to normal tissues where proliferating beta-cells were regularly observed, few cells
positive for Ki67 and insulin occurred in the young CF tissues, accounting for <0.01% of INS cells (Fig. 3a—c). No
proliferating beta cells were observed in adult CF tissues (Fig. 3¢). No proliferating GLUC, SOM, or PP cells were
detected in any control or CF tissues.

We further determined whether new endocrine cells possibly generated through neogenesis from ductal cells
were present in CF pancreata. Cells co-labeled for insulin and CK19 were observed in the young control tis-
sues, adjacent to the CK19-positive borders of the ducts and duct-like structures (Fig. 3d), and accounted for
1.3 £1.2% of the INS cells. Insulin and CK19 double-positive cells occurred in similar sites in the young CF pan-
creas tissues, at significantly lower occurrence (Fig. 3e,f). CK19 and INS double-positive cells were also present in
normal adult pancreata, in line with previous work!%, but were virtually absent in the adult CF and CFRD tissues
(Fig. 3f). Cells co-labelled for glucagon and CK19 were observed only in two neonatal control tissues (N1 and
N2), and counted for less than 1% of GLUC cells. No glucagon and CK19-double-positive cells were detected in
any of the other controls or CF cases (Supplementary Fig. S7). The data indicate that both beta-cell proliferation
and neogenesis were significantly altered in the young CF pancreas and these alterations persisted in the adult
CF pancreas.
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Figure 3. Pancreatic beta-cell proliferation and neogenesis in normal and CF pancreas. (a and b) Co-labeling
for Ki67 (red) and insulin (INS, green) in normal (a) and CF (b) pancreas. Light blue arrow points to a Ki67+
INS+ cell; white arrows, Ki67+ INS— cells in the extra-islet tissue. Higher magnification of the Ki67+ INS+
cell indicated by the magenta or light blue arrows is shown in the inset of the same color. (¢) Quantification of
proliferating INS— positive cells in normal and CF pancreatic tissues. (d and e) Double immunohistochemistry
for the human pancreatic duct cell marker cytokeratin 19 (CK19, red) and INS (green) in normal and CF
pancreas. Arrows point to CK19+ INS— cells. Yellow and white arrows point to CK19+ INS+ cells. Higher
magnification of the INS+ CK19+ positive cells indicated by the white and yellow arrows is shown in the insets
of the same color. (f) Quantification of cells co-labeled for CK19 and INS. Data were obtained from young
normal (n=11), adult normal (n=6), young CF (n=16), adult CF (n=3), and CFRD (n = 8) pancreata.

*p < 0.05, 5p < 0.05, *#p < 0.001, ***p < 0.0001. Asterisks, significance vs. age-matched controls; section sign,
significance vs. young controls. Blue circles, normal pancreas; red circles, CF pancreas. Scale bars: 25 pm
(aandb), 50 pm (d and e).

Young CF islets are infiltrated by dispersed inflammatory cells. In young control tissues, LCA
inflammatory cells were scarce, while frequently observed around or within islets in young CF tissues (Fig. 4a,b).
The proportion of islets with LCA cells and the LCA cell density per islet in the young CF tissues were significantly
higher compared to controls (Fig. 4c, Supplementary Fig. S8). No correlation was observed between the islet INS
areas or islet INS+ cell number and the proportion of islets with inflammatory cell infiltrates (Supplementary
Fig. S8). Adult CF and CFRD tissues had fewer LCA cells associated with the islets compared to younger CF
tissues (Fig. 4d,e, Supplementary Fig. S8). When tissues were examined according to the histopathologic pattern,
a significantly larger proportion of islets in CF and CFRD tissues displaying the “fibrotic” pattern contained
immune cells compared to controls (Supplementary Fig. S8). Both CD68 monocytes/macrophages and CD3 lym-
phocytes were present in young CF islets (Fig. 4c, Supplementary Fig. S8). CD3-positive cells were also present
in adult CF islets, while no CD68-positive cells were observed in these islets, although CD68-positive leukocytes
were present in the surrounding extra-islet tissue (Supplementary Fig. S8).

LCA inflammatory cells were also present in the extra-islet compartment. Numerous LCA cells occurred in
the young CF pancreata, while their number was significantly lower in the adult CF and CFRD samples (Fig. 4f).
In the latter, the presence of LCA cells was not affected by CFRD (p > 0.05). However, their tissue density varied
with the CF histopathological pattern. The ‘fibrotic’ adult pancreas tissues contained more LCA cells than those
with the ‘lipoatrophic’ pattern (36 £ 11 cells/mm? vs. 9 £ 1 cell/mm?, p < 0.001). The vast majority of the LCA
inflammatory cells stained for CD3 or CD68 (Supplementary Fig. S8).

The data indicate that in the young CF tissues, islets are infiltrated by inflammatory cells. The extent of infil-
tration is attenuated in the adult CF and CFRD pancreas, in spite of the presence of ongoing chronic pancreatitis.

Amyloid formation is not characteristic for young CF islets. Islet amyloidosis has been reported in
a subset of patients with CFRD”'>. To determine whether the lower beta-cell number we observed in very young
CF pancreata is associated with amyloid formation, pancreas sections were stained for insulin and amyloid. Adult
CF and CFRD tissues were evaluated concomitantly. We observed amyloid deposits in islets from three of eight
patients with CFRD, but in none of the other CFRD, young and adult CF, or control tissues (Fig. 5a—d). Apoptotic
TUNEL-positive beta-cells were detected in two of the three cases with amyloid, but not in other CF or control cases
(Supplementary Fig. 9). Enhanced beta-cell loss in CF islets with amyloid suggests that changes in the islet microen-
vironment can lead to beta-cell damage. Apoptotic cells were scarce in the extra-islet tissue in all the cases.
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Figure 4. Inflammatory cell infiltrates in islets and extra-islet tissue in the normal and CF pancreas. (a and b)
Immunostaining for synaptophysin (SYN, green) and the leukocyte common antigen (LCA, magenta) in young
normal (a) and CF (b) pancreas. (¢) Quantification of LCA—, CD3—, and CD68— positive cells associated with
pancreatic islets. (d and e) Immunostaining for SYN (green) and LCA (magenta) of adult normal (d) and CF (e)
pancreas. Arrows point to inflammatory cells in contact with islet cells. Higher magnification of the LCA+ cells
indicated by the yellow and magenta arrows in (b), or orange arrows in (e) is shown within the inset of the same
color. Scale bars: 50 um. (f) Quantification of LCA—, CD3—, and CD68— positive cells in the extra-islet tissue.
Blue circles, young normal pancreas; red circles, young CF pancreas. Data are obtained from young normal
(n=11), and young CF (n=16) pancreata. **p < 0.001, ***p < 0.0001 vs. normal tissues.

Discussion

Morphological and clinical studies have suggested that impaired glucose tolerance in CF and CFRD results from
beta-cell dysfunction and insulin deficiency'®. Observations from human CF pancreata of decreased islet density
and relative proportion of islet beta-cells, and of islets embedded in strips of fibrosis formed the basis for the view
that insulinopenia observed in patients with CF is caused mainly by beta-cell destruction secondary to chronic
inflammation and pancreatic fibrosis®!%!7-¥° It is intuitive that the chronic inflammatory environment contrib-
utes to beta-cell dysfunction and affects endocrine cell viability. However, the natural history of islet injury in
CF and CFRD is unknown. The current morphologic evidence of reduced islet and beta-cell population in CF
comes from studies in adolescent and young adult patients. The pancreata of these patients have been subjected
to a chronic pathological process, and, therefore, the islet damage observed in these tissues may represent a more
advanced stage of a long-standing process. On the other hand, impaired glucose tolerance is frequently observed
in young children with CF, and CFRD, and rarely has also been diagnosed in children before two years of age?*°.
To investigate whether islet changes begin in the CF pancreas in the immediate postnatal life and to what extent
these changes are associated with the severity of pancreatic pathology, we undertook a morphological study of
pancreatic tissues from neonates, infants and very young children with CE. To our knowledge, this is the first
study of islets from such young children, which resulted in three notable findings.

First, we show that in children with CF under four years of age, the relative beta-cell areas and percentage of
beta cells were reduced to about 50% of controls. The consistency in the insulin-positivity among the young CF
tissues indicates that, at least during the first years of life, the islet and beta-cell numbers are not substantially
reduced due to the severity of exocrine damage. These findings suggest that events other than those related to the
ongoing inflammatory process in the surrounding exocrine pancreas contribute to a reduction in beta-cell pop-
ulation. It is possible that these events may have already taken place during developmental stages, and are char-
acterized by deficiency in the growth of exocrine tissue?»?. It can be speculated that if pancreatic secretions are
already altered in late pregnancy due to defective CFTR function in duct epithelial cells, then the accumulation of
these secretions in pancreatic ducts may create an environment that hinders beta-cell expansion by affecting the
survival of beta-cell progenitors or their fate specification towards beta-cells, or beta-cell proliferation®**”. While
the number of beta cells per islet was reduced in the young CF pancreas, the islet areas and their size distribution
in these tissues remained comparable to controls. This may be indicative of altered competence of endocrine
progenitor cells towards generation of beta cells rather than a depleted pool of endocrine progenitors, and/or
altered beta-cell proliferative capacity?’-*°. Interestingly, exposure of fetal rodent pancreas to the CFTR inhibitor
Gly-H101 resulted in increased numbers of endocrine progenitor cells*’. The mechanism behind this observation
is not clear, and whether human fetal pancreatic cells would respond similarly to the chemical is not known.
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Figure 5. Amyloid deposits in the islets of patients with CFRD. (a-d) Staining for insulin (INS, green) and
thioflavin S staining (red) for amyloid in CFRD (a), young CF (b), adult CF (c), and normal (d) pancreas. Scale
bars: 50 um.

Second, we show that proliferating insulin-positive cells were scarce or absent in young CF pancreata, while
these cells were observed in all young control tissues”. Further, cells co-labeled for insulin and CK19, considered
immature cells differentiating from the progenitor cells!4, were present in the controls, but were rarely detected
in young CF pancreata. The reasons for the defective beta-cell growth in the CF pancreas are not known. It may
be that the already reduced beta-cell population at birth may not contain beta cells with proliferative capacity.
Structural alterations, such as cellular atrophy and cystic dilation, affecting all the branches of the pancreatic duct
system may lead to functional incapacitation of the endocrine progenitors located in duct epithelium or their
physical loss, which will deplete the number of cells with capacity to generate new beta cells. Also, the inflam-
matory microenvironment and the pro-inflammatory mediators to which both pancreatic ducts and islets are
exposed in chronic pancreatitis may create unfavorable conditions for beta-cell growth.

The third novel finding relates to the presence of inflammatory infiltrates in the CF islets. The inflamma-
tory cells were dispersed and did not form aggregates which define classical insulitis in type 1 diabetes (T1D)*.
Moreover, the patchy occurrence of islets with inflammatory infiltrates, characteristic of the T1D pancreas, was
not evident in the CF tissues. These observations together with the lack of circulating islet cell autoantibodies are
compatible with the view that beta-cell loss in CFRD is not due to an autoimmune process®»**. Although the islet
cell infiltrates in CF were not extensive, the leukocyte interactions with islet cells and secretory products may
affect beta-cell performance®>3¢. It is possible, therefore, that the presence of inflammatory cells juxtaposed to
endocrine cells may further contribute to islet injury and dysfunction in CE. To what extent islet infiltrates con-
tribute to islet damage in CF remains to be determined.

Our study clearly shows that islets are preserved in young CF pancreata. This finding, coupled with compa-
rable pancreas weights reported in infants with and without CF'>"3, suggests that early in postnatal life the tissue
remodeling process going on in the extra-islet tissue does not lead to a change in the pancreas size. This is possible
since inflamed tissues in the initial phases of inflammation are characterized by the presence of abundant extra-
cellular matrix, edema, and inflammatory infiltrates®”. Occurrence of islet-cell clusters closely associated with
duct-like structures, likely formed as a result of acinar atrophy, may be indicative of a tissue remodeling process
dictated by the loss of exocrine cells and their replacement by a more rigid fibrotic tissue. These duct-associated
small endocrine cell clusters were not present in adult CF pancreata, suggesting that endocrine cells organized
in fully developed islets survive better in an inflammatory environment than those occurring in smaller clusters.

Archival pancreas tissues from very young children with CF are very rare, therefore genotype-phenotype corre-
lations at the level of beta-cell mass were difficult to establish. We did not observe a relationship between the severity
of the CFTR mutation and the degree of reduction in beta-cell mass in the young CF tissues. Twelve of the 16 very
young children with CF had severe genotypes, and the other four had meconium ileus, likely reflective of severe
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CFTR genotype. In all the young cases, the relative proportion of islet beta cells in their pancreas tissues varied from
29-47%, which was significantly lower compared to age-matched controls. To help account for the possibility that
ethnicity might correlate with islet pathophysiology, Mestizo and non-Mestizo individuals were included in both
young CF and control groups; no correlations with ethnicity were observed. These young CF tissues also showed dif-
ferent degrees of exocrine damage, varying from mild to severe. The three adult cases with CF were positive for the
severe CFTR genotype, and their pancreata showed extensive loss of exocrine tissue. It is possible that mild CFTR
mutations may lead to mild clinical manifestations and histopathologic changes. It is also possible that other factors
than the CF gene defect itself can affect the chloride transport and preserve to some extent pancreatic function.

All CFRD cases in our series had reduced islet density and lower islet cell number versus CF tissues, and some of
them contained apoptotic beta-cells, which is compatible with loss of islet cells, and eventually loss of whole islets®.
Interestingly, these tissues showed the lipoatrophic or “fatty” morphologic pattern, with islets occurring as single units
surrounded by large areas of adipose tissues in the absence of fibrosis. This contrasts with islet distribution patterns in
CF where islets were present in larger numbers, closely located to each other, and embedded in fibrosis. Differences in
islet distribution and morphologic patterns that influence the pancreas volume** may explain the variation in rela-
tive endocrine areas in the adult CF tissues. What determines the further development of chronic pancreatitis toward
establishment of fibrosis or adipose tissue is not known. However, the data suggest that fat transformation of the
pancreas is deleterious to islet cells in CE Some of the CFRD cases had amyloid deposits in islets, while such deposits
were not observed in the young CF islets. Thioflavin S identifies amyloid fibrils, however, it doesn’t detect pre-fibrillar
amyloid monomers or oligomers*~**. Therefore, while the organized amyloid structures may not have formed in the
young CF islets, the formation of pre-fibrillar amyloid species in these islets cannot be excluded.

The impact of chronic pancreatitis on beta-cell function and survival has been stressed by a recent study that
suggested an association between exocrine pancreas deficiency and CFRD among CF patients with severe CFTR
mutations*. Other studies have suggested that an intrinsic beta-cell defect is the major cause of beta-cell dys-
function in CF rather than beta-cell damage caused by pancreas fibrosis. These studies showed that patients with
CF and with normal glucose tolerance exhibited a decrease in peak plasma insulin levels, and that abnormalities
in insulin secretion were present in CF patients with preserved pancreas exocrine function*#°. In addition, gene
variants associated with beta-cell dysfunction and type 2 diabetes are also associated with CFRD, suggesting that
some of the same intrinsic beta-cell defects occur in CFRDY.

In conclusion, our study clearly establishes an altered cellular composition, early beta cell deficiency, and
impaired growth capacity of beta-cells as properties for pancreatic islets in infants and young children with CF
in the absence of CFRD. These changes exist independently of extent of exocrine damage and pancreatic fibrosis.
Our observations are compatible with the view that impaired beta-cell growth in the young CF pancreas prevents
the expansion of an already smaller -sized beta cell population present at birth, which results in an inadequate
beta-cell mass incapable of meeting metabolic demands. Exposure to an inflammatory environment and the
likely presence of additional intrinsic defects in islet endocrine cells may contribute to exacerbation of islet and
beta-cell dysfunction, and development of CFRD. Our novel observations provide the morphologic evidence for
the impaired beta-cell function observed in the pediatric population younger than four years and are to be taken
into account in early screening for abnormal blood glucose in very young children with CE.

Methods

Human pancreas. Pancreatic tissues were archival autopsy pathological specimens or organ donors obtained
through the JDRF Network for Pancreatic Organ Donors (case 6404, CFRDI; case 6136, CFRD3; case 6105, CFRD5;
case 6398, CFRD®6) or National Disease Research Interchange (CFRD4, CFRDS). Tissues were collected from 1990
to 2000, from Instituto Nacional de Pediatria and Hospital Infantil de Mexico Federico Gomez, Mexico City (CF1,
CF2, CF5-CF7, CF9-CF16, N1, N2, N5-N11), Hautepierre Hospital, Strasbourg (CF3, CF4, N3, N4), and Vanderbilt
University Medical Center, Nashville, TN (CF17-CF19, CFRD2, CFRD?). CF diagnosis was based on clinical features
and testing for exocrine pancreas function, sweat test and molecular genetics, and histopathology. Clinical charac-
teristics are shown in Table 2 and Supplementary Table S2. Tissue sections belonged to the pancreatic body. Normal
tissues came from individuals who perished from non-pancreatic pathologies. Measured parameters between Latino
and Caucasian samples showed no difference. There is no evidence of a phenotype or histopathology relationship with
the patient ethnicity***. All the experiments with these de-identified archival autopsy tissues from deceased patients
were carried out with the approval of the Institutional Review Boards of the Instituto Nacional de Pediatria and Hospital
Infantil de Mexico Federico Gomez, Hautepierre Hospital, and Vanderbilt University Medical Center.

Histologic evaluation of the exocrine pancreas pathology. To evaluate the severity of histo-
pathological changes in the CF exocrine pancreas, we used a grading system (1 to 5) (Supplementary Table S3,
Supplementary Fig. $10), based on the scoring system previously used for human chronic pancreatitis®®. For
completeness, quantification of the loss of chymotrypsin-positive (CHYM) acinar cells and the presence of
ductal-like structures (dilated acini lined by atrophic acinar cells)®' were added. Fibrosis was evaluated as per-
ilobular, intralobular and periacinar. Perilobular fibrosis was defined as fibrotic thickening of pancreatic inter-
lobular septa. Intralobular fibrosis, as fibrotic strands that extended from the thickened interlobular septa into
the pancreatic lobules and surrounded clusters of acini. Periacinar fibrosis was defined as fibrotic thickening of
periacinar basement membranes. Loss of acinar parenchyma was assessed by the relative chymotrypsin-positive
(CHYM) tissue area. Grade N (normal) was assigned to normal pancreas tissues without any detectable lesions
and included: absence of fibrosis, acinar parenchyma occupying >95% of the pancreas tissue area, absence of
duct-like structures, and absence of pancreatic duct dilation.

CFTR mutation analysis. Genotyping for CFTR mutations was done via a multiplex assay to screen for 159
CFTR variants using open-platform matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass
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Case CF young CF adult CFRD Control young | Control adult
Number 16 4 8 11 5
Age at death (yr) | 0.8+1.1 29+9 31+7 07+1.1 32+4
(range) (5dto4yr) (22t0 43) (21 to 44) (Imto4yr) (29t0 39)
Gender

Female 7 1 6 5 2

Male 9 3 2 6 4
Race/Ethnicity

Mestizo 13 0 1 9 0
Caucasian 3 4 7 2 6

Tissue source

Autopsy 16 4 4 11 3

Donor 0 0 4 0 3

Table 2. Clinical characteristics of the study cases and tissue source.

spectrometry®2. Samples were twice extracted with xylene to remove the paraffin, precipitated with ethanol, and
digested using Proteinase K and Tween 20 (TE digestion buffer: Sigma cat. #T9285, Tween-20 Sigma cat. #P-9416,
Proteinase K Qiagen cat. #19131). DNA was purified using the Qiagen QIAamp DNA Mini Kit (Valencia, CA).

Immunohistochemistry. As previously described®, sections were incubated overnight with the primary
antibodies listed in Supplementary Table S4. Sections were washed in PBS (pH 7.4), incubated with biotinylated-
or fluorescent-labeled secondary antibodies for 60 at RT, and counterstained with hematoxylin or DAPI to vis-
ualize the nuclei. The antibodies used in the study are routinely used in diagnostic islet pathology. They were
validated on pancreas tissues from control patients who died of non-pancreatic pathologies. No differences were
observed in immunostaining patterns for all antibodies used, between archival and organ donor tissues.

Evaluation of islet cell composition and cell proliferation. Consecutive sections were
co-stained for synaptophysin and either insulin, glucagon, somatostatin, or pancreatic polypeptide. The
number of insulin-positive (INS), glucagon-positive (GLUC), somatostatin-positive (SOM), or pancre-
atic polypeptide-positive (PP) cells that co-stained with synaptophysin were counted, and the number of
synaptophysin-positive (SYN) and INS cells per islet and the relative proportion of co-stained cells calculated.
To ensure that all beta cells were detected, we stained two consecutive sections for either synaptophysin or a mix-
ture of insulin, glucagon, somatostatin and PP antibodies, and counted the number of positive cells in the islets
present in both sections. The number of SYN cells agreed with those stained for the four major islet hormones.
In addition, CF and control tissues were co-labelled for insulin and proinsulin using an anti-human C-peptide/
proinsulin antibody that does not cross-react with human insulin. All the C-peptide/proinsulin-positive cells
co-stained with insulin (Supplementary Fig. 11).

Ki67 labeling index was used to assess islet cell proliferation. To determine the presence of endocrine cells
formed through neogenesis from ductal cells’**, sections were co-stained for the human pancreatic duct cell
marker CK19 and one of the islet hormones. The percentage of INS, GLUC, SOM, or PP cells that co-stained for
CK19 was then calculated.

Apoptosis was assessed by TUNEL stain (catalog# MS7110, Millipore) according to the manufacturer’s
instructions.

Between 2000 and 6000 endocrine cells were counted in the young normal, young CF, and adult normal tis-

sues. All the endocrine cells present in the adult CF/CFRD pancreas sections were counted. Samples were evalu-
ated blindly and slides were coded and examined randomly.
Morphometric quantitation. Islets were defined as groups of >20 endocrine cells**-** and smaller groups
were defined as clusters. Estimation of the relative pancreatic area occupied by SYN, INS, or CHYM cells was
performed as described™, using a Nanozoomer Digital Pathology slide scanner (Hamamatsu; Bridgewater, New
Jersey) at the Cellular and Molecular Imaging Core, DRC University of Washington, and the Visiopharm software
(Hoersholm, Denmark).

Evaluation of inflammatory cell infiltration.  As previously described*, we determined (1) the percentage of
islets with LCA (leukocyte common antigen)-, CD3-, or CD68-positive cells adjacent to endocrine cells, and (2) the
number per islet of LCA-, CD3-, or CD68-positive cells in contact with endocrine cells. The density of LCA-, CD3-,
or CD68-positive cells in the exocrine tissue was expressed as the number of LCA, CD3, and CD68 cells/mm? tissue.

Assessment of islet amyloid deposition. Sections were stained for insulin and thioflavin S*. Pancreas
from human islet amyloid polypeptide transgenic mice, provided by Dr. Rebecca Hull at the UW, served as pos-
itive controls.

Statistical analysis. Data were compared using the Mann-Whitney, Kruskal-Wallis, and the Spearman rank
correlation tests. P values less than 0.05 were considered statistically significant.

SCIENTIFICREPORTS |7: 17231 | DOI:10.1038/541598-017-17404-z 9



www.nature.com/scientificreports/

References

1.
2.

3.

10.
11.
12.
13.
14.
15.
16.

17.
. Brennan, A. L., Geddes, D. M., Gyi, K. M. & Baker, E. H. Clinical importance of cystic fibrosis-related diabetes. J Cyst Fibros 3,

19.
20.

21

23.
24.
25.
26.
27.
28.
29.
30.

31.

32.

33.
34.

35.
36.

37.
38.

39.
40.
41.

. Teplow, D. B. Structural and kinetic features of amyloid beta-protein fibrillogenesis. Amyloid 5, 121-142 (1998).
43.

Bridges, N. Diabetes in cystic fibrosis. Paediatr Respir Rev 14(Suppl 1), 16-18, https://doi.org/10.1016/j.prrv.2013.02.002 (2013).
Moran, A. et al. Diagnosis, screening and management of cystic fibrosis related diabetes mellitus: a consensus conference report.
Diabetes Res Clin Pract 45, 61-73 (1999).

Moran, A. et al. Cystic fibrosis-related diabetes: current trends in prevalence, incidence, and mortality. Diabetes Care 32, 1626-1631,
https://doi.org/10.2337/dc09-0586 (2009).

. Lewis, C. et al. Diabetes-related mortality in adults with cystic fibrosis. Role of genotype and sex. Am J Respir Crit Care Med 191,

194-200, https://doi.org/10.1164/rccm.201403-05760C (2015).

. Moran, A. et al. Epidemiology, pathophysiology, and prognostic implications of cystic fibrosis-related diabetes: a technical review.

Diabetes Care 33, 2677-2683, https://doi.org/10.2337/dc10-1279 (2010).

. Lohr, M. et al. Cystic fibrosis associated islet changes may provide a basis for diabetes. An immunocytochemical and morphometrical

study. Virchows Arch A Pathol Anat Histopathol 414, 179-185 (1989).

. Tannucci, A., Mukai, K., Johnson, D. & Burke, B. Endocrine pancreas in cystic fibrosis: an immunohistochemical study. Hum Pathol

15,278-284 (1984).

. Abdul-Karim, F. W., Dahms, B. B., Velasco, M. E. & Rodman, H. M. Islets of Langerhans in adolescents and adults with cystic

fibrosis. A quantitative study. Arch Pathol Lab Med 110, 602-606 (1986).

. Soejima, K. & Landing, B. H. Pancreatic islets in older patients with cystic fibrosis with and without diabetes mellitus: morphometric

and immunocytologic studies. Pediatr Pathol 6, 25-46 (1986).

Kelly, A. & Moran, A. Update on cystic fibrosis-related diabetes. ] Cyst Fibros 12, 318-331, https://doi.org/10.1016/j.jcf.2013.02.008
(2013).

Laguna, T. A., Nathan, B. M. & Moran, A. Managing diabetes in cystic fibrosis. Diabetes Obes Metab 12, 858-864, https://doi.
org/10.1111/j.1463-1326.2010.01250.x (2010).

Kopito, L. E. & Shwachman, H. The pancreas in cystic fibrosis: chemical composition and comparative morphology. Pediatr Res 10,
742-749, https://doi.org/10.1203/00006450-197608000-00010 (1976).

Rahier, J., Wallon, J. & Henquin, J. C. Cell populations in the endocrine pancreas of human neonates and infants. Diabetologia 20,
540-546 (1981).

Bouwens, L. & Pipeleers, D. G. Extra-insular beta cells associated with ductules are frequent in adult human pancreas. Diabetologia
41, 629-633, https://doi.org/10.1007/s001250050960 (1998).

Couce, M., O’Brien, T. D., Moran, A., Roche, P. C. & Butler, P. C. Diabetes mellitus in cystic fibrosis is characterized by islet
amyloidosis. J Clin Endocrinol Metab 81, 1267-1272, https://doi.org/10.1210/jcem.81.3.8772610 (1996).

Ode, K. L. & Moran, A. New insights into cystic fibrosis-related diabetes in children. Lancet Diabetes Endocrinol 1, 52-58, https://
doi.org/10.1016/52213-8587(13)70015-9 (2013).

Durie, P. R. & Forstner, G. G. Pathophysiology of the exocrine pancreas in cystic fibrosis. ] R Soc Med 82(Suppl 16), 2-10 (1989).

209-222, https://doi.org/10.1016/j.jcf.2004.08.001 (2004).

Rowe, S. M., Miller, S. & Sorscher, E. J. Cystic fibrosis. N Engl ] Med 352, 1992-2001, https://doi.org/10.1056/NEJMra043184 (2005).
Lombardi, F. et al. Diabetes in an infant with cystic fibrosis. Pediatr Diabetes 5, 199-201, https://doi.org/10.1111/j.1399-
543X.2004.00069.x (2004).

. Gelfand, I. M., Eugster, E. A. & Haddad, N. G. Infancy-onset cystic fibrosis-related diabetes. Diabetes Care 28, 2593-2594 (2005).
22.

Casas, L., Berry, D. R, Logan, K., Copeland, K. C. & Royall, J. A. Cystic fibrosis related diabetes in an extremely young patient. J Cyst
Fibros 6, 247-249, https://doi.org/10.1016/].jcf.2006.08.004 (2007).

Yi, Y. et al. Abnormal Glucose Tolerance in Infants and Young Children with Cystic Fibrosis. Am ] Respir Crit Care Med, https://doi.
org/10.1164/rccm.201512-25180C (2016).

Imrie, J. R, Fagan, D. G. & Sturgess, J. M. Quantitative evaluation of the development of the exocrine pancreas in cystic fibrosis and
control infants. Am J Pathol 95, 697-708 (1979).

Lebenthal, E. Pancreatic insufficiency in cystic fibrosis: result of defect in ontogenesis of the exocrine pancreas. J Pediatr
Gastroenterol Nutr 3(Suppl 1), S51-54 (1984).

Meier, J. J. et al. Beta-cell development and turnover during prenatal life in humans. Eur ] Endocrinol 162, 559-568, https://doi.
org/10.1530/EJE-09-1053 (2010).

Gregg, B. E. et al. Formation of a human beta-cell population within pancreatic islets is set early in life. J Clin Endocrinol Metab 97,
3197-3206, https://doi.org/10.1210/jc.2012-1206 (2012).

Bonner-Weir, S. et al. The pancreatic ductal epithelium serves as a potential pool of progenitor cells. Pediatr Diabetes 5(Suppl 2),
16-22, https://doi.org/10.1111/j.1399-543X.2004.00075.x (2004).

Bonner-Weir, S. et al. Islet neogenesis: a possible pathway for beta-cell replenishment. Rev Diabet Stud 9, 407-416, https://doi.
org/10.1900/RDS.2012.9.407 (2012).

Romer, A. I. & Sussel, L. Pancreatic islet cell development and regeneration. Curr Opin Endocrinol Diabetes Obes 22, 255-264,
https://doi.org/10.1097/MED.0000000000000174 (2015).

Zertal-Zidani, S., Busiah, K., Edelman, A., Polak, M. & Scharfmann, R. Small-molecule inhibitors of the cystic fibrosis
transmembrane conductance regulator increase pancreatic endocrine cell development in rat and mouse. Diabetologia 56, 330-339,
https://doi.org/10.1007/s00125-012-2778-8 (2013).

Campbell-Thompson, M. L. et al. The diagnosis of insulitis in human type 1 diabetes. Diabetologia 56, 2541-2543, https://doi.
0rg/10.1007/s00125-013-3043-5 (2013).

Marner, B. et al. Islet cell cytoplasmic antibodies (ICA) in diabetes and disorders of glucose tolerance. Diabet Med 8, 812-816 (1991).
Gottlieb, P. A. et al. No relation between cystic fibrosis-related diabetes and type 1 diabetes autoimmunity. Diabetes Care 35, 57,
https://doi.org/10.2337/dc11-2327 (2012).

Eizirik, D. L., Colli, M. L. & Ortis, F. The role of inflammation in insulitis and beta-cell loss in type 1 diabetes. Nat Rev Endocrinol 5,
219-226, https://doi.org/10.1038/nrendo.2009.21 (2009).

Donath, M. Y,, Storling, J., Berchtold, L. A., Billestrup, N. & Mandrup-Poulsen, T. Cytokines and beta-cell biology: from concept to
clinical translation. Endocr Rev 29, 334-350, https://doi.org/10.1210/er.2007-0033 (2008).

Majno, G. & Joris, I. Cells, Tissues and Disease. Oxford Univ. Press (2004).

Veeze, H. . et al. Determinants of mild clinical symptoms in cystic fibrosis patients. Residual chloride secretion measured in rectal
biopsies in relation to the genotype. J Clin Invest 93, 461-466, https://doi.org/10.1172/JCI116993 (1994).

Tham, R. T. et al. Cystic fibrosis: MR imaging of the pancreas. Radiology 179, 183-186, https://doi.org/10.1148/
radiology.179.1.2006275 (1991).

Sequeiros, I. M. et al. MRI appearance of the pancreas in patients with cystic fibrosis: a comparison of pancreas volume in diabetic
and non-diabetic patients. Br ] Radiol 83, 921-926, https://doi.org/10.1259/bjr/24009651 (2010).

Elghetany, M. T. & Saleem, A. Methods for staining amyloid in tissues: a review. Stain Technol 63,201-212 (1988).

Padrick, S. B. & Miranker, A. D. Islet amyloid: phase partitioning and secondary nucleation are central to the mechanism of
fibrillogenesis. Biochemistry 41, 4694-4703 (2002).

SCIENTIFICREPORTS |7: 17231 | DOI:10.1038/541598-017-17404-z 10


http://dx.doi.org/10.1016/j.prrv.2013.02.002
http://dx.doi.org/10.2337/dc09-0586
http://dx.doi.org/10.1164/rccm.201403-0576OC
http://dx.doi.org/10.2337/dc10-1279
http://dx.doi.org/10.1016/j.jcf.2013.02.008
http://dx.doi.org/10.1111/j.1463-1326.2010.01250.x
http://dx.doi.org/10.1111/j.1463-1326.2010.01250.x
http://dx.doi.org/10.1203/00006450-197608000-00010
http://dx.doi.org/10.1007/s001250050960
http://dx.doi.org/10.1210/jcem.81.3.8772610
http://dx.doi.org/10.1016/S2213-8587(13)70015-9
http://dx.doi.org/10.1016/S2213-8587(13)70015-9
http://dx.doi.org/10.1016/j.jcf.2004.08.001
http://dx.doi.org/10.1056/NEJMra043184
http://dx.doi.org/10.1111/j.1399-543X.2004.00069.x
http://dx.doi.org/10.1111/j.1399-543X.2004.00069.x
http://dx.doi.org/10.1016/j.jcf.2006.08.004
http://dx.doi.org/10.1164/rccm.201512-2518OC
http://dx.doi.org/10.1164/rccm.201512-2518OC
http://dx.doi.org/10.1530/EJE-09-1053
http://dx.doi.org/10.1530/EJE-09-1053
http://dx.doi.org/10.1210/jc.2012-1206
http://dx.doi.org/10.1111/j.1399-543X.2004.00075.x
http://dx.doi.org/10.1900/RDS.2012.9.407
http://dx.doi.org/10.1900/RDS.2012.9.407
http://dx.doi.org/10.1097/MED.0000000000000174
http://dx.doi.org/10.1007/s00125-012-2778-8
http://dx.doi.org/10.1007/s00125-013-3043-5
http://dx.doi.org/10.1007/s00125-013-3043-5
http://dx.doi.org/10.2337/dc11-2327
http://dx.doi.org/10.1038/nrendo.2009.21
http://dx.doi.org/10.1210/er.2007-0033
http://dx.doi.org/10.1172/JCI116993
http://dx.doi.org/10.1148/radiology.179.1.2006275
http://dx.doi.org/10.1148/radiology.179.1.2006275
http://dx.doi.org/10.1259/bjr/24009651

www.nature.com/scientificreports/

44. Soave, D. et al. Evidence for a causal relationship between early exocrine pancreatic disease and cystic fibrosis-related diabetes: a
Mendelian randomization study. Diabetes 63, 2114-2119, https://doi.org/10.2337/db13-1464 (2014).

45. Elder, D. A., Wooldridge, J. L., Dolan, L. M. & D’Alessio, D. A. Glucose tolerance, insulin secretion, and insulin sensitivity in children
and adolescents with cystic fibrosis and no prior history of diabetes. ] Pediatr 151, 653-658, https://doi.org/10.1016/j.
jpeds.2007.05.012 (2007).

46. Wooldridge, J. L., Szczesniak, R. D., Fenchel, M. C. & Elder, D. A. Insulin secretion abnormalities in exocrine pancreatic sufficient
cystic fibrosis patients. ] Cyst Fibros 14, 792-797, https://doi.org/10.1016/j.jcf.2015.02.009 (2015).

47. Blackman, S. M. et al. Genetic modifiers of cystic fibrosis-related diabetes. Diabetes 62, 3627-3635, https://doi.org/10.2337/db13-
0510 (2013).

48. Schrijver, I. et al. The Spectrum of CFTR Variants in Nonwhite Cystic Fibrosis Patients: Implications for Molecular Diagnostic
Testing. ] Mol Diagn 18, 39-50, https://doi.org/10.1016/j.jmoldx.2015.07.005 (2016).

49. Yokoyama, E. et al. [Genotype-phenotype correlation in a sample of Mexican patients with cystic fibrosis]. Rev Invest Clin 65,
491-499 (2013).

50. Kloppel, G. & Maillet, B. Pseudocysts in chronic pancreatitis: a morphological analysis of 57 resection specimens and 9 autopsy
pancreata. Pancreas 6, 266-274 (1991).

51. Sturgess, J. M. Structural and developmental abnormalities of the exocrine pancreas in cystic fibrosis. ] Pediatr Gastroenterol Nutr
3(Suppl 1), S55-66 (1984).

52. Sosnay, P. R. et al. Defining the disease liability of variants in the cystic fibrosis transmembrane conductance regulator gene. Nat
Genet 45, 1160-1167, https://doi.org/10.1038/ng.2745 (2013).

53. Bogdani, M. et al. Hyaluronan and hyaluronan-binding proteins accumulate in both human type 1 diabetic islets and lymphoid
tissues and associate with inflammatory cells in insulitis. Diabetes 63, 2727-2743, https://doi.org/10.2337/db13-1658 (2014).

54. Caballero, . et al. Birth and death of human beta-cells in pancreases from cadaver donors, autopsies, surgical specimens, and islets
transplanted into mice. Cell Transplant 23, 139-151, https://doi.org/10.3727/096368912X659916 (2014).

55. Bogdani, M. et al. Formation of insulin-positive cells in implants of human pancreatic duct cell preparations from young donors.
Diabetologia 46, 830-838, https://doi.org/10.1007/s00125-003-1118-4 (2003).

56. Hellman, B. & Angervall, L. The frequency distribution of the number and volume of the islets of Langerhans in man. 3. Studies in
diabetes of early onset, insuloma and acromegaly. Acta Pathol Microbiol Scand 53, 230-236 (1961).

57. Ramachandran, K., Huang, H. H. & Stehno-Bittel, L. A Simple Method to Replace Islet Equivalents for Volume Quantification of
Human Islets. Cell Transplant 24, 1183-1194, https://doi.org/10.3727/096368914X681928 (2015).

58. Bonner-Weir, S., Sullivan, B. A. & Weir, G. C. Human Islet Morphology Revisited: Human and Rodent Islets Are Not So Different
After All. ] Histochem Cytochem 63, 604-612, https://doi.org/10.1369/0022155415570969 (2015).

59. Hull, R. L. et al. Increased dietary fat promotes islet amyloid formation and beta-cell secretory dysfunction in a transgenic mouse
model of islet amyloid. Diabetes 52, 372-379 (2003).

Acknowledgements

This work was supported by NIH-NIDDK grant to LA-B (R01DK097829). The authors thank Dr. Stanislaw
Sadowinski, Hospital Infantil de Mexico Federico Gomez, Mexico City, Dr. Chanjuan Shi, Department of
Pathology, Vanderbilt University Medical Center, Nashville, TN, for providing pancreas tissues from control and
CF subjects, and the University of Washington DRC, Cellular and Molecular Imaging Core (P30 DK017047). We
thank the Network for Pancreatic Organ Donors with Diabetes (nPOD), a collaborative type 1 diabetes research
project sponsored by JDRE, for providing pancreas tissues from control and CFRD donors. Organ Procurement
Organizations (OPO) partnering with nPOD to provide research resources are listed at http://www.jdrfnpod.org/
for-partners/npod-partners/.

Author Contributions

L.A.-B. conceived the project, critically read revised and edited the manuscript, and participated in many fruitful
discussions. M.B. designed and performed the studies, researched and analyzed the data, and wrote, revised and
edited the manuscript. C.R., J.PB., A.C.P. provided tissues for the analysis, and critically reviewed the manuscript.
S.M.B. performed the highly complex genetic analysis and reviewed the manuscript. All authors read, approved
the manuscript, and gave informed consent for publication. L.A-B. is the guarantor of this work and, as such, had
full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the
data analysis.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17404-z.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 17231 | DOI:10.1038/541598-017-17404-z 11


http://dx.doi.org/10.2337/db13-1464
http://dx.doi.org/10.1016/j.jpeds.2007.05.012
http://dx.doi.org/10.1016/j.jpeds.2007.05.012
http://dx.doi.org/10.1016/j.jcf.2015.02.009
http://dx.doi.org/10.2337/db13-0510
http://dx.doi.org/10.2337/db13-0510
http://dx.doi.org/10.1016/j.jmoldx.2015.07.005
http://dx.doi.org/10.1038/ng.2745
http://dx.doi.org/10.2337/db13-1658
http://dx.doi.org/10.3727/096368912X659916
http://dx.doi.org/10.1007/s00125-003-1118-4
http://dx.doi.org/10.3727/096368914X681928
http://dx.doi.org/10.1369/0022155415570969
http://www.jdrfnpod.org/for-partners/npod-partners/
http://www.jdrfnpod.org/for-partners/npod-partners/
http://dx.doi.org/10.1038/s41598-017-17404-z
http://creativecommons.org/licenses/by/4.0/

	Structural abnormalities in islets from very young children with cystic fibrosis may contribute to cystic fibrosis-related  ...
	Results

	Exocrine fibrotic or fatty transformation is not a feature of the young CF tissues. 
	Altered islet size is a feature of the CF pancreas with advanced exocrine damage. 
	Insulin-positive (INS) areas are decreased in the young CF pancreas with minimal exocrine pancreas damage. 
	Beta-cell proliferation and neogenesis are reduced in the CF pancreas. 
	Young CF islets are infiltrated by dispersed inflammatory cells. 
	Amyloid formation is not characteristic for young CF islets. 

	Discussion

	Methods

	Human pancreas. 
	Histologic evaluation of the exocrine pancreas pathology. 
	CFTR mutation analysis. 
	Immunohistochemistry. 
	Evaluation of islet cell composition and cell proliferation. 
	Morphometric quantitation. 
	Evaluation of inflammatory cell infiltration. 
	Assessment of islet amyloid deposition. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Islet architecture in the young CF pancreas.
	Figure 2 Quantitative analysis of the relative endocrine cell areas and islet cell composition.
	Figure 3 Pancreatic beta-cell proliferation and neogenesis in normal and CF pancreas.
	Figure 4 Inflammatory cell infiltrates in islets and extra-islet tissue in the normal and CF pancreas.
	Figure 5 Amyloid deposits in the islets of patients with CFRD.
	Table 1 Quantification of the number of endocrine cells per islet.
	Table 2 Clinical characteristics of the study cases and tissue source.




