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Abstract

Context: We recently demonstrated increased cellular proliferation in the pancreatic ductal gland (PDG) compartment of organ donors with type
1 diabetes, suggesting that PDGs may harbor progenitor cells capable of pancreatic regeneration.

Objective: \We evaluated the impact of diabetes and pancreatic inflammation on PDG and interlobular duct (ILD) cellular proliferation and profiles.

Methods: Endocrine hormone expression (insulin, glucagon, somatostatin, pancreatic polypeptide) and proliferating Ki67+ cells were
localized within the PDG and ILD compartments by multicolor immunohistochemistry in cross-sections from the head, body, and tail
regions of pancreata from those with (n=231) or without type 1 diabetes (n=43). Whole-slide scanned images were analyzed using digital
pathology.

Results: Type 1 diabetes donors with insulitis or histologically identified pancreatitis had increased cellular replication in the ILD and PDG
compartments. Interestingly, while cellular proliferation within the pancreatic ductal tree was significantly increased in type 1 diabetes (PDG
mean=3.36%, SEM=1.06; ILD mean=2.78%, SEM=0.97) vs nondiabetes(ND) subjects without pancreatic inflammation (PDG mean=
1.18%, SEM=0.42; ILD mean=0.74%, SEM=0.15, P<0.05), robust replication was also observed in ND donors with pancreatitis (PDG
mean=3.52%, SEM=1.33; ILD mean=2.18%, SEM=0.54, P<0.05). Few polyhormonal cells were present in the ILD (type 1 diabetes=
0.04+0.02%; ND=0.08+0.03%, P=0.40) or PDG compartment (type 1 diabetes=0.02 +0.01%; ND=0.08+0.13%, P=0.63).

Conclusion: These data suggest that increased pancreatic ductal cell replication is associated with sustained pancreatic inflammation; however,

as replicating cells were hormone-negative, PDGs do not appear to represent a compelling endogenous source of hormone-positive endocrine
cells.

Key Words: cellular replication, inflammation, insulitis, pancreatitis, pancreatic duct glands, interlobular duct, type 1 diabetes

Abbreviations: BMI, body mass index; FFPE, formalin-fixed, paraffin-embedded; IHC, immunohistochemistry; ILD, interlobular duct; ND, nondiabetes; nPOD,
Network for Pancreatic Organ donors with Diabetes; PB, pancreatic body, PDG, pancreas duct gland; PH, pancreas head; PT, pancreas tail; SEM,
standard error of the mean.

Distinctive pathological hallmarks of the pancreas in type 1
diabetes include loss of insulin producing beta cells, exten-
sive fibrosis, and a decrease in total organ mass [1-4].
Despite this, accumulating evidence suggests that, even in
longstanding type 1 diabetes, there may be an endogenous at-
tempt to regenerate beta cells: such evidence includes meas-
urable insulin secretion (ie, C-peptide) [3, 6], as well as the
consistent finding of small numbers of insulin-positive cells
in the pancreas of subjects with type 1 diabetes, often in close
approximation to pancreatic ducts [7, 8]. The pancreatic
ductal glands (PDGs) represent a distinct anatomical niche
within the pancreas [9, 10], forming blind-ending outpouch-
ings from the main pancreatic duct and its branches. The

PDG compartment is purported to serve as a potential pro-
genitor or stem cell niche within the pancreas [11, 12].

We recently reported an increased frequency of epithelial
cell replication within the PDG compartment, together with
a reduced frequency of insulin-expressing cells within PDG
and adjacent interlobular duct (ILD) epithelium of organ
donors with type 1 diabetes [13]. While we identified an in-
crease in progenitor-like cells in type 1 diabetes PDGs, most
were seemingly fated toward an exocrine lineage [13];
however, that report did not assess for pancreatic endocrine
hormones other than insulin, nor the impact of pancreatic
inflammation on ILD and PDG replication. In this study,
we assessed whether the identity or frequency of
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hormone-expressing cells within ILDs and PDGs was altered
in the setting of exocrine (pancreatitis) or endocrine inflam-
mation (insulitis).

Materials and Methods

Human Subjects and Sample Selection

Human pancreata were recovered from cadaveric organ
donors, according to guidelines established by the
University of Florida Institutional Review Board and proc-
essed by the Network for Pancreatic Organ donors with
Diabetes (nPOD) as previously chronicled [14]. Cases (31
type 1 diabetes and 43 nondiabetes control [ND]) were se-
lected based upon nPOD histopathological reports and div-
ided into 3 partially overlapping, age-, sex-, and body mass
index (BMI)-matched cohorts: (1) 21 long-duration type 1
diabetes (3-84 years diabetes duration) vs 21 ND without
pancreatitis (pancreatitis—); (2) 12 ND with pancreatitis
(pancreatitis+) vs 12 ND pancreatitis—; (3) 10 type 1 dia-
betes without pancreatitis with insulitis (pancreatitis—, in-
sulitis+; 0-8 years diabetes duration) vs 10 ND insulitis—,
pancreatitis— donors (Table 1). The presence of pancrea-
titis was based on histopathological observations and not
clinical diagnosis from the medical record. Specifically,
pancreatitis score (0 =none, 1 =mild, 2 =moderate, 3 =se-
vere) and/or designation as insulitis+ or insulitis— were ob-
tained from the nPOD Aperio database [14], which
provides blinded assessment by 2 independent observers
with > 99% concordance in their findings based on estab-
lished histologic criteria [1, 15-23]. Formalin-fixed
paraffin-embedded (FFPE) tissue blocks from the pancreat-
ic head (PH), body (PB), and tail (PT) regions were selected
from each donor based on ILD and PDG compartment
presence. Due to biological variability in pancreatic ductal
presence, a minimum threshold of 2 ILDs (median=3;
range, 2-7) along with their associated PDG (median=
85; range, 4-382) compartments per region from each
case was required for case selection.

Immunohistochemistry

FFPE pancreas serial cross-sections (4 pm thick) were deparaffi-
nized and rehydrated. Heat-induced epitope retrieval was per-
formed using Borg Decloaker (Biocare Medical, Pacheco, CA)
according to the manufacturer’s instructions prior to staining
with 2 antibody panels: (i) rabbit anti-Ki67 (clone EPR3610, di-
luted 1:1000, RRID: AB_10562976; Abcam, Waltham, MA,
USA), rabbit anti-insulin (clone EPR17359, diluted 1:2000,
RRID: AB_2716761; Abcam), mouse anti-glucagon (clone
K79bB10, diluted 1:1,000, RRID: AB_297642; Abcam)
(Fig. 1A); and (ii) rabbit anti-somatostatin (polyclonal, diluted
1:1,000, RRID: AB_2688022; Agilent Technologies, Inc.,
Santa Clara, CA, USA), rabbit anti-insulin (clone EPR17359, di-
luted 1:2,000, RRID: AB_2716761; Abcam), and mouse-
pancreatic polypeptide (clone MM0858-31R25, diluted 1:750,
RRID:AB_2904511; Abcam) (Fig. 1B). Chromogen-based im-
munohistochemistry (IHC) staining was detected using a
Mach2 Double Stainl/Mach2 Double Stain 2 HRP-AP
Polymer Detection Kit according to the manufacturer’s instruc-
tions (Biocare Medical, Pacheco, CA) with Betazoid DAB (Ki67
or somatostatin), Warp Red (insulin), and Ferangi Blue (gluca-
gon or pancreatic polypeptide; all from Biocare Medical).
Slides were counterstained with hematoxylin.
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Morphometric Analysis of Pancreatic Ductal
Structures

IHC-stained slides were scanned using an Aperio CS2 slide scanner
(Leica Biosystems Imaging, Inc.) at 20X magnification and exam-
ined with Aperio ImageScope software version 12.1.0.5029.
Quantification of Ki67+ and endocrine hormone+ cells was con-
ducted by 2 blinded individuals. ILD and PDG compartments
were identified according to the previously published definition
[11]. Specifically, ILDs were defined as large ducts lined by cuboid-
al epithelium embedded in the pancreatic mesenchyme. PDGs
were identified as small blind-ending outpouches lined by colum-
nar epithelium with basal nuclei and abundant supranuclear cyto-
plasm stemming directly from or adjacent to the ILD. ILD and the
PDG compartments were outlined using the digital annotation pen
tool (Fig. 2). The aggregate number of pancreatic ductal cells for
each pancreas region and donor was calculated using the Aperio
ImageScope cytonuclear algorithm with parameters adjusted to
trace all recognizable nuclei within the pancreatic ductal tree.
Manual counting was performed to quantify the total number of
Ki67+ cells and endocrine hormone cells (somatostatin, glucagon,
pancreatic polypeptide, and insulin) observed in ILD and PDGs.
Endocrine hormone+ and Ki67+ cell densities were calculated as
the number of positive cells divided by total cells in either ILD or
PDG (Supplementary Fig. S1 [24]).

Statistical Analysis

All data were normally distributed; hence, parametric tests
were used for statistical analyses. Data are displayed as
mean + standard error of the mean (SEM) with analysis by un-
paired ¢ test, F-test, Pearson correlation, or one-way ANOVA
with Tukey’s post hoc test (GraphPad Prism 9, San Diego,
CA). Statistical significance was defined as P <0.05.

Data and Resource Availability

The donors included in the long-duration type 1 diabetes vs
ND pancreatitis— cohort (Table 1, upper panel) were previ-
ously evaluated for PDG and ILD cellular replication from
two-color IHC slides stained for insulin and Ki67 [13].
However, the current report presents our analysis of an entire-
ly new dataset, including 2 three-color IHC panels visualized
on newly sectioned slides. The datasets generated during and/
or analyzed during the current study are available from the
corresponding author upon reasonable request. Resources an-
alyzed during the current study are available to approved in-
vestigators upon request from the nPOD repository (https:/
www.jdrfnpod.org/for-investigators/request-npod-samples/).

Results

Cellular Replication Is Increased in ILD and PDG
From Individuals With Long Duration Type 1
Diabetes

Ki67 nuclear immunoreactivity (Fig. 2) was quantified in the
ILD and PDG compartments of PH, PB, and PT sections
from established type 1 diabetes vs ND donors (Table 1) to
enumerate replicating ductal epithelial cells. Overall, a three-
fold increase in the Ki67+ cell frequency in ILDs and PDGs of
type 1 diabetes donors was observed in comparison with ND
donors (P=0.03 and P=0.02, respectively; Fig. 3A and B).
With respect to specific pancreatic regional differences, the
tail region of the type 1 diabetes pancreas had a significant in-
crease in Ki67+ frequency within the ILDs (P=0.03) and
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Table 1. Characteristics of donors with type 1 diabetes (T1D) and nondiabetes donors (ND), with and without pancreatitis
nPOD Age Diabetes Pancreas RRID nPOD Age BMI Pancreas RRID
caseno. (y) duration (y) regions case no. (y) regions

evaluated” evaluated”
T1D ND pancreatitis—
6031 39 35 M PH RRID: SAMN15879088  6012° 68 23.7 F PH, PT RRID: SAMN15879069
6035 32 28 M PH, PB, PT RRID: SAMN15879092 6013" 65 242 M PH, PT RRID: SAMN15879070
6036 49 34 F PH, PB, PT RRID: SAMN15879093 6015" 39 322 F PH, PT RRID: SAMN15879072
6040 50 20 F PH, PB, PT RRID: SAMN15879097 6017 59 248 F PH, PT RRID: SAMN15879074
6045 26 8 M PH, PB, PT RRID: SAMN15879102 6021 72 245 F PH, PT RRID: SAMN15879078
6050a 82 58 M PH, PB, PT RRID: SAMN15879107 6022 75 306 M PH, PT RRID: SAMN15879079
6051 20 13 M PH, PB, PT RRID: SAMN15879108 6030 30 271 M PH, PB, PT RRID: SAMN15879087
6054 35 30 F PH, PB, PT RRID: SAMN15879111 6034 32 252 F PH, PB, PT RRID: SAMN15879091
6061 28 23 M PH, PB, PT RRID: SAMN15879118 6048 30 206 M PH, PB, PT RRID: SAMN15879105
6063 4 3 M PH, PB, PT RRID: SAMN15879120 6057 22 260 M PH, PB, PT RRID: SAMN15879114
6064°%¢ 20 9 F PH, PB, PT RRID: SAMN15879121 6060 24 327 M PH, PB, PT RRID: SAMN15879117
6068a 72 69 F PH, PB, PT RRID: SAMN15879125 6091 27 356 M PH, PB, PT RRID: SAMN15879148
6070 23 7 F PH, PB, PT RRID: SAMN15879127 6096 16 188 M PH, PB, PT RRID: SAMN15879153
6076 26 15 M PH, PB, PT RRID: SAMN15879133 6098 18 228 M PH, PT RRID: SAMN15879155
6085¢ 89 84 M PH, PB, PT RRID: SAMN15879142 6102 45 351 F PH, PB, PT RRID: SAMN15879159
6088 31 N M PH, PB, PT RRID: SAMN15879145 6104 41 205 M PH, PB, PT RRID: SAMN15879161
60895 14 8 M PH, PB, PT RRID: SAMN15879146 6126 25 251 M PH, PB, PT RRID: SAMN15879183
6119 28 14 M PH, PB, PT RRID: SAMN15879176 6130 N 18.5 M PH, PB, PT RRID: SAMN15879187
6128 34 31 F PH, PB, PT RRID: SAMN15879185 6131 24 248 M PH, PB, PT RRID: SAMN15879188
6135 44 21 M PH, PB, PT RRID: SAMN15879192 6134 27 201 M PH, PB, PT RRID: SAMN15879191
61384 49 41 F PH, PB, PT RRID: SAMN15879195 6140 38 21,7 M PH, PB, PT RRID: SAMN15879197
Mean 36.6 25.6 Mean 372 255 28
SEM 4.7 4.6 SEM 4.3 1.1
T1D Insulitis+ Pancreatitis-° ND Pancreatitis-
6247" 25 0.6 M PT RRID: SAMN15879303 6075 16 149 M PT RRID: SAMN15879132
6265" 11 8 M PT RRID: SAMN15879319 6091 27 356 M PH RRID: SAMN15879148
6268 12 3 F PT RRID: SAMN15879322 6131 24 248 M PH RRID: SAMN15879188
6323 22 6 F PH RRID: SAMN15879377 6160 22 239 M PH RRID: SAMN15879216
6324/ 29 2 M PH RRID: SAMN15879378 6178 24 275 F PT RRID: SAMN15879234
6325" 20 6 F PB RRID: SAMN15879379 6227 17 264 F PB RRID: SAMN15879283
6371 12 2 F PB RRID: SAMN15879424 6235 30 254 M PB RRID: SAMN15879291
6399 17 0 M PH RRID: SAMN15879452 6253 19 343 F PT RRID: SAMN15879309
6405" 29 0.6 F PH RRID: SAMN15879458 6377 9 16.6 M PT RRID: SAMN15879430
6414 23 0.4 M PT RRID: SAMN15879467 6279 19 340 M PB RRID: SAMN15879333
Mean 20 2.9 Mean 20.7 26.3 30
SEM 2.2 0.9 SEM 1.9 22
ND Pancreatitis+ © ND Pancreatitis-
60125 68 — F PH, PT RRID: SAMN15879069 6009 45 30,6 M PH, PB, PT RRID: SAMN15879066
6020 60 — M PH, PT RRID: SAMN15879077  6013° 65 242 M PH, PT RRID: SAMN15879070
6047 7 — M PH, PB, PT RRID: SAMN15879104 6015° 39 322 F PH, PT RRID: SAMN15879072
6060%¢ 24 — M PH, PB, PT RRID: SAMN15879117 6137 8 242 F PH, PB, PT RRID: SAMN15879194
6254 38 — M PH, PB, PT RRID: SAMN15879310 6168 51 252 M PH, PB, PT RRID: SAMN15879224
6288 55 — M PH, PB, PT RRID: SAMN15879342 6178 24 275 F PH, PB, PT RRID: SAMN15879234
6290 58 — M PH, PB, PT RRID: SAMN15879344 6339 23 25.0 M PH, PB, PT RRID: SAMN15879393
6293 9 — F PH, PB, PT RRID: SAMN15879347 6368 38 207 M PH, PB, PT RRID: SAMN15879421
63174 15 — M PH, PB, PT RRID: SAMN15879371 6369 44 188 M PH, PB, PT RRID: SAMN15879422
6331% 27 — F PH, PB, PT RRID: SAMN15879385 6387 15 181 M PH, PB, PT RRID: SAMN15879440
6391 10 — M PH, PB, PT RRID: SAMN15879444 6406 6 16.8 M PH, PB, PT RRID: SAMN15879459
64258 38 — F PH, PB, PT RRID: SAMN15879478 6415 10 148 M PH, PB, PT RRID: SAMN15879468
Mean 34.1 — Mean 30.7 232 25
SEM 6.3 — SEM 5.5 1.6

Abbreviations: BMI, body mass index; N/A, not available; PB, pancreas body; PH, pancreas head; PT, pancreas tail.

“One section evaluated per region noted, “Donors represented in more than one cohort, “Pancreatitis+, “Longstanding T1D subgroup for Figure 3, “Insulitis+, "T1D
Insulitis+ subgroup for Fig. 3, “ND Pancreatitis+ subgroup for Fig. 3.
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Figure 1. Representative IHC-stained pancreatic tissue sections from type 1 diabetes (T1D) and nondiabetes (ND) donors. (A) T1D case (left, nPOD 6061,
28-year-old male, 23.1 years T1D duration) and ND case (right, NnPOD 6060, 24-year-old male) stained for Ki67 (brown), insulin (red), and glucagon (blue). (B)
T1D case (left, nPOD 6089, 14.3-year-old male, 8 years T1D duration) and ND case (right, nPOD 6060) stained for somatostatin (brown), insulin (red), and
pancreatic polypeptide (PP, blue). Red arrows show insulin-positive cells. Brown arrows show Ki67-positive (A) or somatostatin-positive cells (B). Blue

arrows show glucagon-positive (A) or pancreatic polypeptide-positive cells (B). The black asterisk (*) indicates an ILD. Black triangle (a) indicates the PDG.

PDGs (P=0.02) while the head and body regions demon-
strated comparable Ki67+ replication frequencies in the ILD
(Fig. 3A) and PDG (Fig. 3B) compartments from these donor
groups. However, the type 1 diabetes donors exhibited signifi-
cant heterogeneity in Ki67+ frequency in all 3 regions as com-
pared with ND donors (F-test, P <0.0001).

Previous reports demonstrated increased pancreatic ductal
cell proliferation in response to pancreatitis during the devel-
opment of pancreatic cancer [12, 25, 26]; hence, we hypothe-
sized that the presence of pancreatic inflammation might
explain the significant variance in ILD and PDG (F-test, P <
0.0001) cell replication seen in individuals with type 1 diabetes
(Fig. 3A and 3B). We identified that type 1 diabetes donors with
histological evidence of pancreatitis in the nPOD pathology re-
port exhibited the highest Ki67+ cellular frequency in the ILDs
and PDGs (Fig. 3A and 3B, triangles). Among the type 1 dia-
betes group, 3 donors with high ductal cell replication (6045,
6089, 6138) had histologically defined pancreatitis, while 1 do-
nor (6064) displayed a combination of pancreatitis and insu-
litis. These findings were consistent with previous reports of
inflammation associated with increased pancreatic ductal rep-
lication and indicate the potential for exocrine-endocrine influ-
ence on ductal replication in subjects with type 1 diabetes [13].

Cellular Replication Is Increased in ILD and PDG of
ND Subjects With Pancreatitis

To interrogate inflammation as a primary factor affecting pan-
creatic ductal cell proliferation, we characterized ILD and PDG

cellular replication in ND individuals with and without pan-
creatitis (Fig. 2, Table 1). ND pancreatitis+ subjects had signifi-
cantly increased proliferation in the ILD (P=0.04) and PDG
(P=0.04), overall, in comparison with ND pancreatitis— organ
donors (Fig. 3C and 3D). We again assessed if there were any
interpancreatic regional differences in ductal replication in
the context of inflammation. A statistically significant increase
in Ki67+ replication was found in the tail region PDGs of ND
pancreatitis+ donors compared with ND pancreatitis— donors
(Fig. 3D, P=0.04). However, we did not see this pattern rep-
resented in the tail region ILDs, nor the head and body region
ILDs or PDGs of the ND pancreatitis+ donors (Fig. 3C
and 3D). The PDG and ILD Ki67+ cell frequencies were posi-
tively correlated in type 1 diabetes, ND pancreatitis+ and ND
pancreatitis— individuals (Fig. 3E-3H), indicating that increased
proliferation observed in inflamed pancreata is present through-
out the entire pancreatic ductal tree and not exclusively localized
to either the PDG or ILD compartment.

Cellular Replication Is Increased in ILD and PDG of

Type 1 Diabetes Donors With Insulitis or Pancreatitis
The link between islet inflammation and proliferation of pan-
creatic ducts has been documented by our group in type 2 dia-
betes [27] and longstanding type 1 diabetes [13]. Therefore,
we explored whether islet inflammation (ie, insulitis) [1, 15]
in subjects with shorter duration type 1 diabetes (Table 1)
might influence pancreatic ductal cell replication (Fig. 2).
We observed that type 1 diabetes insulitis+, pancreatitis—
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Figure 2. Representative IHC-stained pancreatic tissue sections showing Ki67+ expression within annotated ILD and PDG from type 1 diabetes (T1D)
and nondiabetes (ND) donors. Representative IHC images of FFPE pancreas sections stained for Ki67+ (brown), insulin (red), and glucagon (blue)
annotated in Aperio ImageScope software version 12.1.0.5029. Annotations are shown in green for T1D donors with a combination of histologically
identified pancreatitis and insulitis (A) (hPOD 6064), (B) with documented insulitis (T1D insulitis+ nPOD 6268), (C) an ND donor with histologically
identified pancreatitis (ND pancreatitis+ nPOD 6331), and (D) an ND donor without documented pancreatitis (ND pancreatitis- donor nPOD 6022). Black
asterisks (*) indicate ILD compartment. Black triangles (a) indicate PDG compartment. Scale bars: 800 um.

donors had increased replication in the PDG, but not ILD, as
compared with ND pancreatitis— individuals (Fig. 4A and 4B).
These findings are concordant with current understanding of in-
sulitis and the pancreatic ductal replication axis, and they cor-
roborate previous observations in T2D [27].

We further identified that type 1 diabetes individuals with
histopathologically defined pancreatitis [16-23] had a signifi-
cantly increased Ki67+ cell frequencies in the ILD (Fig. 4C)
and PDG (Fig. 4D) compartments as compared with ND pan-
creatitis+ and type 1 diabetes insulitis+, pancreatitis— donor
groups, and in these latter groups, cellular replication was
comparable. These data demonstrate that while endocrine (in-
sulitis) and exocrine (pancreatitis) inflammation can inde-
pendently influence pancreatic ductal cell proliferation, the
effect is more pronounced in individuals with type 1 diabetes
and pancreatitis, highlighting the potential impact of the
endocrine-exocrine axis on pancreatic histopathology [28].
Interestingly, the pancreatitis score, obtained from the
nPOD Aperio database, correlated significantly with replica-
tion in both the ILD (Pearson’s 7=0.58, P=0.03) and PDG
(r=0.55, P=0.04) of type 1 diabetes cases. In contrast,
among ND pancreatitis+ cases, a significant correlation be-
tween pancreatitis severity and ductal replication was ob-
served only within the PDG (r=0.76, P=0.004), but not
the ILD compartment (r=0.48, P=0.11).

No Effect of Age or Diabetes Duration on Pancreatic
Ductal Replication

Clinical features such as age, gender, or BMI were not significant-
ly different across the 3 matched donor cohorts (Table 1).
However, because pancreatic growth, cellular replication poten-
tial, and function have been reported to decrease with age [29],
we performed Pearson correlation analyses to assess for

associations between ILD and PDG Ki67+ cell frequency and do-
nor age or type 1 diabetes duration. No significant correlation
was observed between age and Ki67+ cells present within either
ductal compartment of donors with type 1 diabetes (ILD [r=
—0.10, P=NS] or PDG [r=0.03, P=NS]) and their matched
ND pancreatitis- controls (ILD [r=-0.33, P=NS] or PDG [r=
—0.41, P=NS]). In addition, type 1 diabetes duration did not
correlate with ductal Ki67+ cell frequency (ILD, »=-0.95, P=
NS; PDG, r=0.03, P=NS). However, Ki67+ cell frequency
negatively correlated with age in ND pancreatitis+ donors (ILD
[r=-0.64, P=0.02] and PDG [r=-0.74, P=0.01]), in accord
with previous reports detailing pancreatic organogenesis [30].

No Evidence of Islet Regeneration From ILDs or
PDGs in Type 1 Diabetes or Pancreatitis

Finally, we investigated whether perturbations in endocrine
hormone-expressing cells might be present within the pancre-
atic ductal epithelium from donors with increased ILD and/
or PDG cellular proliferation. Insulin-expressing cells, al-
though infrequent, were identified in the ILD and PDG com-
partments of type 1 diabetes donors however, as expected,
were significantly decreased in insulitis- type 1 diabetes vs
ND subjects (P <0.0001, Supplementary Fig. S2 [24]). No
differences were observed in the frequency of somatostatin,
glucagon, or pancreatic polypeptide cells in either the ILD
or PDG compartment from type 1 diabetes vs ND donors
(Fig. 5). Moreover, the frequencies of endocrine hormone-
positive cells within ILD and PDG compartments were not
significantly altered in the presence of insulitis or pancrea-
titis (Fig. 6). Small numbers of polyhormonal cells were pre-
sent in the ILD (type 1 diabetes: 0.04 + 0.02%; ND: 0.08 +
0.03%, P=NS) and PDG (type 1 diabetes: 0.02 + 0.01%;
ND: 0.08 +0.13%, P=NS) compartments. All Ki67+ cells
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Figure 3. Increased cellular proliferation in the ILD and PDG
compartments of pancreas from donors with type 1 diabetes (T1D) or
pancreatitis. Frequencies of Ki67+ cells in the (A) ILD and (B) PDG
epithelium from T1D (N=21; black circles: pancreatitis—, n=16; black
triangles: pancreatitis+, n=5) vs age-, sex-, and BMI-matched ND
pancreatitis— donors (blue filled squares, N=21). Frequencies of Ki67+
cells in the (C) ILD and (D) PDG epithelium from ND pancreatitis+ (blue
open squares, N=12) vs a separate cohort of age-, sex-, and
BMI-matched ND pancreatitis— donors (blue filled squares, N=12). Each
data point represents an average of all sections evaluated per donor (left,
see Table 1) or one section evaluated per region per donor from the
pancreatic head, body, and tail as labeled on the figure. Data are
presented as mean + SEM with unpaired t test, * P<0.05. Variances
assessed using the F-test, * P<0.05. (E-H) Positive correlation between
Ki67+ cell frequency in the ILD and PDG compartments from (E) T1D,
(F) ND, (G) ND pancreatitis+, and (H) ND pancreatitis— cases. Pearson
correlation; rvalues and P values are presented on the figure.
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Figure 4. Increased cellular proliferation in the ductal epithelium of type
1 diabetes (T1D) donors with insulitis or pancreatitis. Frequency of Ki67+
cellsin (A) ILD and (B) PDG epithelium is higher in T1D insulitis+ subjects
(black open circles, n=10) compared with ND insulitis—, pancreatitis—
subjects (blue filled squares, n=10). Frequency of Ki67+ cells in the
(C) ILD and (D) PDG epithelium of T1D pancreatitis+, insulitis— (black
closed circles, n=5) vs T1D, insulitis+, pancreatitis— subjects (black
open circles, n=5) vs ND pancreatitis+ subjects (blue open squares,
n=>5). Each data point in (A) and (B) represents a specific insulitis+
section and matched control section evaluated per donor; see Table 1.
Each data point in (C) and (D) represents an average of 1 to 3 sections
evaluated per donor from the pancreatic head, body, and tail regions for
T1D pancreatitis+ and ND pancreatitis+ donors and a specific insulitis+
section for T1D insulitis+ donors; see Table 1. (A-B) Data are presented
as mean + SEM with unpaired ttest, P> 0.05. (C-D) Data are presented
as mean + SEM with one-way ANOVA with Tukey's post hoc test,
* P<0.05.

identified in the pancreatic ductal tree were hormone-
negative. We did not observe a subpopulation of hormone-
positive replicating cells. Thus, the pancreatic ductal com-
partment in humans does not appear to increase production
of endocrine cell subtypes in individuals with type 1 dia-
betes or pancreatitis, despite increased ductal replication,
suggesting that the pancreatic ductal compartment in hu-
mans does not initiate a compensatory response.
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Figure 5. No compensatory increase in hormone-expressing endocrine cells in the ILD or PDG compartments of type 1 diabetes (T1D) subjects.
Frequency of glucagon+ (A), somatostatin+ (B) and pancreatic polypeptide (PP)+ cells (C) in ILD and PDG compartments. Data are presented as mean +
SEM for T1D (black circles, n=21) and nondiabetes (ND) donors (blue filled squares, n=21). Each data point represents an average of 1 to 3 sections per
donor (from the pancreatic head, body, and/or tail regions; see Table 1). Unpaired t test, P > 0.05 all.

Discussion

Using an integrated image-based, in situ approach, changes in
pancreatic ductal cellular morphology and frequency were
characterized, demonstrating an association between inflam-
mation in type 1 diabetes and pancreatic ductal cell replica-
tion. Specifically, type 1 diabetes subjects have a significant
increase in ILD- and PDG-associated Ki67+ cells compared
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with ND controls, and this observation was driven by in-
creased replication in the pancreas tail region from type 1 dia-
betes donors. Variable interregional ductal replication could
potentially be due to the differences in islet distribution and
composition in the pancreas, as well as the heterogeneous im-
pact of type 1 diabetes pathogenesis on the pancreatic cellular
architecture [31]. Thus, our results indicate that the PDG
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Figure 6. No significant difference in hormone-expressing endocrine cells in the ILD or PDG compartments of nondiabetes (ND) subjects with or without
pancreatitis, or type 1 diabetes (T1D) subjects with insulitis as observed from 2 age-matched cohorts. Frequency of insulin+ (A), glucagon+

(B), somatostatin+ (C), and pancreatic polypeptide (PP)+ cells (D) in ILD and PDG. Data are presented as mean + SEM for age-matched T1D insulitis+
donors (black open circles, n=10) and ND insulitis—, pancreatitis— donors (blue filled squares, n=10). Frequency of insulin+ (E), glucagon+

(F), somatostatin+ (G) and pancreatic polypeptide (PP)+ cells (H) in ILD and PDG. Data are presented as mean + SEM for age-matched ND pancreatitis+
donors (blue open squares, n=12) and ND pancreatitis— donors (blue filled squares, n=12). Each data point represents an average of 1 to 3 sections per
donor (from the pancreatic head, body, and/or tail regions; see Table 1). Unpaired t test, P > 0.05 all.



compartment in humans does not respond to the loss of beta
cells by increasing the production of insulin, glucagon, som-
atostatin, or pancreatic polypeptide-expressing endocrine
cell subtypes. Moreover, we did not observe an increase in pol-
yhormonal cells in PDG or ILD epithelium, suggesting that, at
least in this location, reprogramming of other endocrine cells
through transdifferentiation is likely not occurring [32].

Both histologically defined pancreatitis and islet-specific
insulitis were associated with an increase in PDG replica-
tion. Specifically, increased Ki67+ frequency was observed
in ND pancreatitis+ and type 1 diabetes insulitis+ donors.
However, the most robust increase in replication was ob-
served in type 1 diabetes donors with a combination of exo-
crine and endocrine inflammation. Pancreatic ducts, with
their unique PDG niche, have long been recognized as a po-
tential source of new cells [33]. Recently, attention has been
drawn to pancreatic ducts because of their ability to prolif-
erate in response to severe injury [34]. Moreover, PDGs
have been reported to express early pancreatic developmen-
tal genes and might serve as a cellular niche for newly form-
ing beta cells [11, 12]. While we previously demonstrated
the sensitivity of pancreatic ducts to inflammation [13],
the findings reported herein suggest that both exocrine
and endocrine inflammation can initiate replication within
the ducts in type 1 diabetes and that the increase in pancre-
atic ductal cell proliferation is not accompanied by altera-
tions in endocrine cell frequency or identity. While our
study has not yet characterized the mechanisms driving
inflammation-associated increased pancreatic ductal cell
replication in pancreata from type 1 diabetes subjects, re-
cent studies have shown that proinflammatory cytokine
and chemokine signaling could promote an endocrine tran-
scriptional profile in exocrine ductal cells [35]. Thus, we
propose that the activation of cellular proliferation in the
pancreatic ducts via inflammatory signaling might be con-
sidered a potential mechanism underlying these findings.

In terms of limitations, studies from organ donor tissues
are inherently cross-sectional, and fixed-tissue samples pre-
clude the clear identification of a causal relationship be-
tween inflammation and pancreatic ductal proliferation.
Additional dynamic testing, using platforms such as pan-
creas tissue slice culture [36], are needed to delineate the
underlying mechanisms linking insulitis, pancreatitis, and
ductal plasticity. In the future, we also expect that emerging
high-content imaging technologies will allow for simultan-
eous assessment of ILD-specific, PDG-specific, and
inflammation-specific markers to further elaborate on the
in situ association between increased ductal cell prolifer-
ation and inflammation. This said, through this study, we
have extensively characterized previously unknown pancre-
atic ductal cell changes in human type 1 diabetes, thus re-
vealing the potential for inflammation-driven pancreatic
ductal cell plasticity to be harnessed for future translational
diabetes therapeutic approaches.
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