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Abstract

Type 1 diabetes (T1D) is a chronic disease resulting from the destruction of pancreatic beta cells,
due to a poorly understood combination of genetic, environmental, and immune factors. The JDRF
Network for Pancreatic Organ donors with Diabetes (nPOD) program recovers transplantation
quality pancreas from organ donors throughout the USA. In addition to recovery of donors with
T1D, non-diabetic donors include those with islet autoantibodies. Donors with type 2 diabetes and
other conditions are also recovered to aid investigations directed at the full spectrum of
pathophysiological mechanisms affecting beta cells. One central processing laboratory conducts
standardized procedures for sample processing, storage, and distribution, intended for current and
future cutting edge investigations. Baseline histology characterizations are performed on the
pancreatic samples, with images of the staining results provided though whole-slide digital scans.
Uniquely, these high-grade biospecimens are provided without expense to investigators, working
worldwide, seeking methods for disease prevention and reversal strategies. Collaborative working
groups are highly encouraged, bringing together multiple investigators with different expertise to
foster collaborations in several areas of critical need. This mini-review will provide some key
histopathological findings emanating from the nPOD collection, including the heterogeneity of
beta cell loss and islet inflammation (insulitis), beta cell mass, insulin-producing beta cells in
chronic T1D, and pancreas weight reductions at disease onset. Analysis of variations in
histopathology observed from these organ donors could provide for mechanistic differences
related to etiological agents and serve an important function in terms of identifying the
heterogeneity of T1D.
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The disorder “diabetes’ is clinically heterogeneous, with the majority of cases classified into
two main categories: type 1 diabetes (T1D), which is characterized by absolute deficiency of
insulin from loss of functional beta cell mass; or type 2 diabetes (T2D) resulting from a
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failure of beta cells secondary to peripheral tissue insulin resistance (reviewed in 1, 2). T1D
remains the most common form of diabetes in children and young adults, with 3-5%
average annual global increases in incidences (3). Unfortunately, T2D is no longer a rarity in
adolescents due to the rise in childhood obesity rates. The complexity of etiological factors
in T1D is well known and likely due to multiple genetic susceptibilities, environmental
factors, and complexities of autoimmunity (2, 4). The purpose of this mini-review is to
consider the rational for the use of organ donor specimens for T1D research and describe
histopathological findings from these samples.

Organ donor pancreas for diabetes research

The basis for using organ donor samples for pancreatic research is, in large part, due to the
inherent inability to directly examine beta cell mass or function in vivo. The human pancreas
is anatomically inaccessible as major organs (e.g., liver, gastrointestinal tract, and spleen)
and vessels are in direct contact on multiple surfaces. Most importantly, pancreatic islets
composed of insulin-secreting beta cells amount to only 1-2% of the pancreatic mass.
Radiographic examination of the pancreas is feasible; however, specific contrast agents for
islet imaging are not currently available (5). Pancreatic biopsy can be conducted under
guided radiography or laparoscopy, but biopsy carries a high risk of complications from
exposure to pancreatic enzymes and/or hemorrhage resulting in acute pancreatitis (6, 7).
Moreover, biopsy samples are limited in the amount of tissue and regions analyzed. Surgical
samples from tumor pancreatectomy are useful, yet these are also limited in amount and
region. Many histopathological studies of beta cells in human T1D have, therefore, relied
upon autopsy-based pancreas samples. While autopsy collection affords access to the entire
pancreas, variability in cold ischemia can result in autolysis placing limitations on
morphological quality and stability of proteins or nucleic acids.

Given these difficulties, several research groups have begun to utilize whole or partial
pancreas samples from organ donors as alternative sources of these biospecimens (8-11).
The advantage of using pancreas organ donors include representation of the general
population demographics, recovery of the pancreas in a sterile operating suite, and access to
additional tissues such as spleen, pancreatic, and non-pancreatic lymph nodes, and
duodenum (8). The Organ Procurement and Transplantation Network web site offers a large
amount of data regarding numbers of organ recovered and transplanted by year (http://
optn.transplant.hrsa.gov/). In the USA from 2010-2013, ~1500 decreased organ donors had
their pancreas recovered, of which ~1100 were transplanted. The remaining ~380
transplantation-grade pancreata have the potential and, thankfully, were often used for islet
isolation and/or research use when specific informed consent was provided for the latter. To
be clear (and, overcoming a wide spread misunderstanding), patients with either T1D or
T2D can become organ donors as well as the need for organ donations are so great.

Dedicated biorepository for diabetes research

The Network for Pancreatic Organ donors with Diabetes (nPOD) program was started in
2007 by JDRF to address the needs of researchers for high quality pancreas and immune cell
samples. The nPOD organization and operating structure were recently described and the
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reader is directed to those reports for more detailed information (8, 12, 13). The numbers of
donors recovered to date by nPOD is greater than 325 and includes 110 donors without
diabetes (age range 0-75 yr old) and 162 donors with T1D (age range 4-93 yr, diabetes
duration from 0 to 80 yr) (http://www.jdrfnpod.org/for-investigators/donor-groups/). Donors
are also recovered who had T2D with varying durations (onset to chronic duration) and
similar age ranges as for those with T1D. The diagnosis of diabetes or other conditions for
each donor is based on medical review by a Pediatric Endocrinologist (Dr D. Schatz) using
the terminal hospitalization record and laboratory data such as autoantibody status, C-
peptide levels, and transplant human leukocyte antigen (HLA) test results. Finally,
additional donor samples are obtained by direct donation to the program by other
investigators. To gain approval to use nPOD samples or data, researchers submit an
application that is reviewed by the nPOD Tissue Prioritization Committee for feasibility,
suitability, and lack of duplication to existing projects as well as providing documentation of
institutional research approval for their studies.

A high priority of the nPOD program is to obtain non-diabetic donors with islet-associated
autoantibodies. The non-diabetic donors are identified by prospective screening for the
presence of islet-associated autoantibodies through rapid antibody assays at Organ
Procurement Organization (OPO) laboratories during their clinical work up for
transplantation suitability (8, 14). Screening is performed for three major beta cell
autoantibodies, namely glutamic acid decarboxylase-65 (GADA), islet antigen-2 or
insulinoma antigen-2 (IA-2A), and zinc transporter 8 (ZnT8A). If a donor is identified as
autoantibody positive and the pancreas is not transplanted, these donor pancreata may still
be recovered for research purposes. Also, a serum sample is obtained from most of the
nPOD donors at organ recovery for testing for autoantibodies to GADA, 1A-2A, ZnT8A,
and insulin (IAAs) by radioimmunoassay at the University of Denver Autoantibody Core
(Dr Liping Yu, Denver, CO, USA) (8). As shown by other studies, incidences of islet
autoantibodies in organ donors mirror that found in the general population (9-11, 15). IAAs
are rare in adults and patients with diabetes receiving exogenous insulin will develop IAA
after 5-7 d of therapy (16). Other donors recovered include those with cystic fibrosis-related
diabetes, gestational diabetes, and other physiological and metabolic conditions of interest to
researchers in T1D (e.g., pregnancy and postgastric bypass). The causes of donor organ
demise vary with the majority due to situations variant to anoxia, trauma, and suicide,
amongst others. In particular, some patients with T1D are recovered whose death is
unrelated to diabetic ketoacidosis and its attendant cerebral edema in contrast to most
autopsy-based studies.

Uniquely, the nPOD program performs baseline histopathological characterizations of each
donor pancreas and shares such data as whole digital slide scans and clinical data through an
online pathology database (http://www.jdrfnpod.org/for-investigators/online-pathology-
information/) (17). Slide images include those with standard H&E stains for histopathology
and double immunohistochemistry stains for endocrine cells (insulin and glucagon), cell
proliferation (Ki67), and CD3+ T lymphocytes. This baseline screening is performed on
blocks from each region (head, body, and tail). Islet morphology in the head region is also
reviewed by staining with pancreatic polypeptide in the context of division into ventral and
dorsal lobes. Islets in the ventral lobe contain primarily pancreatic polypeptide endocrine
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cells with fewer beta cells than dorsal lobe islets (~30% compared to ~60%, respectively)
(18, 19). The collection of representative slides grows for each donor as additional slides are
added when new blocks are sectioned for investigations. The online image database provides
basic donor demographic and clinical data with additional data available through the online
nPOD DataShare system (Dr. John Kaddis, City of Hope, CA, USA) (Table 1).

The nPOD program recovers matched non-diabetic donors (age and sex) to those with T1D,
allowing the diversity of human pancreatic pathology to be evaluated from the neonate to
elderly person. Minor pathological changes can be seen in the normal human exocrine and
endocrine pancreas. Such changes may include acinar fatty infiltration, acute or chronic
inflammatory infiltrates (pancreatitis), and periductal and acinar fibrosis particularly in aged
patients (21). Chronic pancreatitis can occur in those with a history of moderate to marked
alcohol consumption. Vascular congestion can be seen in sporadic islets underscoring the
extensive microvascular system and in nPOD organ donors may be related to organ
perfusion methods independent of diabetes status.

Limitations do exist for the use of donor pancreas samples for research. The pancreas is
considered one of the most difficult tissues from which to recover high quality RNA due to
the abundance of digestive enzymes including RNAses. Such caveats apply to pancreas
samples obtained from surgery as well. A major difference between pancreas organ recovery
and surgical specimens exists in that for the former, the pancreas is perfused and transported
in cold specialized media as for transplantation. Conversely, surgical specimens can be
rapidly processed within minutes under controlled biobanking protocols (reviewed in 22).
Another critical factor relates to the donor themselves as each represents a single cross-
sectional analysis. Limited information can be available regarding pertinent past medical
history beyond that reported in the terminal hospitalization record. The durations of brain
death and intensive care support can also vary and may affect pancreatic histopathology
(23). Indeed, a study from In’t Veld et al. showed a significant effect of young donor age
(€25 yr) and long ICU duration (=3 d) on increased beta cell proliferation rates and exocrine
CD68+ and CD45+ infiltrates in organ donors (24). Another study using nPOD samples did
not find any influence of ICU duration on exocrine CD8 cell counts in control donors or
those with T1D or T2D (25).

Insulitis in the natural history of T1D

Historically, histopathological findings of inflamed islets (insulitis) in T1D patients were
based on fewer than 150 patient reports and investigator access to said samples was
extremely limited due to their age and small sampling sizes (one to two blocks per patient)
(reviewed in 26, 27). The current consensus definition of human insulitis requires only the
presence of = 15 CD45+ leukocytes/islet (alternatively =6 CD3+ lymphocytes) in three islets
with the presence of pseudoatrophic (insulin-negative) islets (26). When determining
insulitis rates, islets are often subtyped according to insulin immunopositivity (insulin+ and
insulin-) and presence of insulitis (CD3+ or CD3-). Preliminary data from the nPOD
program corroborate other studies and show that proportions of islets with insulitis (%
insulitis) are low [%, range 3-18%, N= 18 donors with T1D, N = 2 non-diabetic donors with
multiple autoantibodies (5-29 yr old)] (Campbell-Thompson et al., unpublished data) (12,
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27). All donors with T1D and insulitic islets had some insulin + islets which also
corroborates previous reports (reviewed in 27). Such data help provide morphological
correlation to studies showing residual C-peptide secretion in patients with T1D decades
after onset (28-31). The insulitis data from nPOD contrasts slightly with some reports
wherein fewer than 5% of patients with T1D of chronic duration (>1 yr) had insulitic islets
(27, 32-34). In the nPOD donors, insulitis was present in 35% of donors with T1D whose
disease durations ranged between 1 and 20 yr (Campbell-Thompson et al., unpublished
data). These differences could reflect changing environmental factors related to T1D
initiation over the decades.

The insulitic islets in nPOD donor samples show heterogeneity in terms of insulin content
(reviewed in 27, 35). Importantly, insulitis can be observed in islets with apparently normal
insulin + beta cell numbers and proportions as well as islets with insulin-cells (Fig. 1).
Second, the insulitis lesions are composed of variable numbers of B and T lymphocytes in a
given donor and between donors, also irrespective of islet insulin immunopositivity (Figs 2
and 3).These insulitis islets may be restricted to a single lobule or may be scattered between
several lobules of several regions (36, 37).

As indicated previously, a major aim of the nPOD program and other biobanks is to recover
pancreata from non-diabetic donors with islet-associated autoantibodies to understand the
types of autoimmune cells involved and their potential mechanisms of beta cell attack. A
summary of 19 non-diabetic donors with autoantibodies is shown in Table 1. Insulitis was
observed in two donors with similar multiple autoantibodies (GADA+ and |A2A+) (Table 1,
Fig. 4). One of the two multiple autoantibody positive donors with insulitis had the high-risk
HLA DR4/4 (20, 38). Interestingly, In’t Veld et al. also observed insulitis in organ donors
with multiple autoantibody types (GADA+ and IA-2A+) and risk HLA genotypes, albeit
they were older (46 and 59 yr respectively) (10).

Beta cell mass

A large loss of functional beta cell mass is concomitant with clinical signs of T1D with
estimates of loss ranging from 60 to 90% (39, 40). Numbers of single beta cells and those in
small cell clusters show marked decreases with remaining islets showing a range of sizes.
Normal islet sizes are highly variable with a mean diameter of ~135 pum, ranging from 6 to
10 cells depending on the study criteria, up to 250 um (41, 42). The proportion of beta cells
within a given islet is also variable between normal islets (30-80%) (42, 43). Hyperplastic
islets (>250 um) can also be observed in young donors with T1D as originally reported by
Gepts (Fig. 5) (32). Nuclear pleomorphism is a feature of neuroendocrine cells with
secretory functions and can be seen in donors with T1D; its potential relationship to beta cell
regeneration is undefined (Fig. 5) (33, 44). Indeed, conflicting reports exist regarding beta
cell proliferation rates in patients at disease onset and organ donors, with or without diabetes
(24, 41, 45). Several studies are underway by nPOD investigators to address key questions
related to age and disease status (46). Finally, another example of islet heterogeneity can be
seen in the degree of major histocompatibility complex (MHC) class | molecules (HLA-A,
B, and C) expression described by Bottazzo and others (47, 48). Such heterogeneity may be
explained in part by higher expression in insulin + islets compared to insulin— islets (Fig. 6).
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High expression of MHC class | in islets from nPOD donors with T1D was also reported in
association with infiltration by CD8+ and CD4+ T cells and studies in samples from other
cohorts may also indicate a correlation of high MHC Class | expression with enterovirus
(25, 47, 49).

The time course of functional beta cell loss in T1D is of great interest, with biomarkers
being sought for better discrimination of disease progression. Pancreatic beta cell mass is
estimated from the product of relative insulin area (%, proportion insulin stained area to total
tissue area) multiplied by pancreas weight (g) (50). Several-fold variations in beta cell mass
for normal subjects have been reported that could result from variability in insulin area
and/or pancreas weight. Relative insulin area ranges from 1 to 2% in most studies with beta
cell mass of 0.25-1.5 g (51, 52). Islet density in the tail region is generally considered higher
than head or body regions, although the literature has some conflicting findings (43, 51-54).

Pancreas size in diabetes

Variability in pancreas weights was described with ranges from 38.9 to 170 g in adults (15—
81 yr) (reviewed in 55, 56). Examinations of pancreas weight at autopsy and from the nPOD
program showed reduced weights in patients with new onset T1D as well as in those with
longer durations (32, 55, 57, 53, 58). These findings have also been shown by assessment of
pancreatic volume in situ using radiology such as ultrasound, computerized tomography, or
magnetic resonance imaging (reviewed in 59, 60). Taken collectively, autopsy and clinical
imaging studies show that pancreatic weights or volumes are reduced by 20-50% in patients
with T1D compared to non-diabetic controls. The potential mechanisms underlying this
finding are not known and could be due to impaired pancreatic growth, atrophy, or
combinations of both. Genetic factors influencing pancreas organ size are also not known.
Longitudinal imaging studies in living subjects may provide information to identify different
pathways involved in reduced pancreas size at disease onset.

Conclusions

Effective strategies to prevent and treat T1D will be aided by a better understanding of the
histopathology of the disease in combination with clinical studies. Understanding the
histopathology of T1D is predicated on understanding the natural heterogeneity of islets in
normal pancreata representing at-risk age groups. The nPOD program is opening the door to
such knowledge through recovery efforts of pancreata from non-diabetic organ donors with
islet autoantibodies and those with diabetes. The program performs basic donor and
pancreata histopathological characterizations and said data are openly shared with the
research community to maximize access to rare samples. Investigators have access to
multiple biospecimens with a user agreement to share their findings back with the
community. This system allows sharing of each donor’s samples with multiple investigators
studying different aspects of beta cell physiology, pathology, immunology, genetics, and
other key areas.

Several key findings from nPOD studies were recently reviewed by others (12, 13, 35).
Some of these key findings related to histopathology include the following:
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Q) Heterogeneity of beta cell loss and degree of insulitis was observed in donors
with T1D, both at onset and with chronic duration (36, 37).

(i)  Autoimmune-related phenomenon in islets and exocrine regions continue to be
defined including detection of antigen-specific CD8+ T cells in insulitis,
increased numbers of CD8+, CD4+, and CD11c + cells in exocrine infiltrates,
detection of CXCL10 expression, and complement C4d deposition (25, 37, 61—
63).

(iv)  Transdifferentiation or dedifferentiation potential of adult beta cells was shown
by colocalization of multiple endocrine hormones in donors with T1D or T2D
(64, 65).

(v) Beta cells from donors with T1D showed a partial endoplasmic reticulum stress
response, with evidence of the induction of some components of the unfolded
protein response (66).

(vi)  Coxsackie viral protein VP1 was detected in beta cells, particularly in T1D
donors, and included those with disease of long duration (reviewed in 67).

In addition to ongoing investigations, there are numerous novel questions that nPOD studies
are helping to address. Studies directed at islet alterations during the preclinical phase of
T1D will be particularly crucial to better understand mechanisms of beta cell loss as well as
genotype—phenotype effects. New working groups continue to form that bring together
research expertise with the latest technologies. Understanding the key factors that alter beta
cell mass will aid in deciphering the complex genetic, immunologic, and environmental
factors related to T1D disease initiation and progression. These factors will also be critical
for protecting residual beta cells after disease onset or when beta cells are transplanted from
organ donors and stem cells.
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Fig. 1.
Insulitic islets at onset of T1D. Representative images of insulitic islets are shown from a

13-yr-old male Caucasian donor at T1D onset (GADA+ IA-2A+ ZnT8+; DR3/4; nPOD
6228). Serial paraffin sections were stained by two double immunchistochemistry stains
(Ki67 and insulin, CD3 and glucagon) (17). Insulin + islets are shown in panels (A and B)
and insulin-islets are shown in panel (C) (insulitic islet is circled in red). The islets in panels
(D-F) show insulitis with varying numbers of CD3+ cells. CD3+ cells were found at the
islet periphery and interior region. Panels (E) and (F) also display examples of the large
numbers of CD3+ cells in the exocrine region. Islet endocrine cell nuclear pleomorphism is
also shown in panels (A) and (D) (arrows). Additional donor information and whole slide
images are available through the nPOD Online Pathology Database (http://
www.jdrfnpod.org/for-investigators/online-pathology-information/). Original magnification:
20%x. GADA, glutamic acid decarboxylase-65 autoantibody; IA-2A, islet antigen-2 or
insulinoma antigen-2; nPOD, Network for Pancreatic Organ donors with Diabetes; T1D,
type 1 diabetes; ZnT8, zinc transporter 8 autoantibody.
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Fig. 2.
CD20+ and CD3+ lymphocyte numbers between insulitic islets in a young donor with recent

onset. Representative images of four islets with insulitis are shown from a 12-yr-old male
African American donor 1 yr after onset (IA-2A+, DR09/16 nPOD 6052). The paraffin
section was stained by multiple immunofluorescence for CD20 (green), CD3 (yellow), and
glucagon (red) using methods previously described (17). Total numbers of CD20+ and
CD3+ cells varied by islet and their locations were at the islet periphery (A-D) and interior
(B) Original magnification: 40x. IA-2A, islet antigen-2 or insulinoma antigen-2; nPOD,
Network for Pancreatic Organ donors with Diabetes.
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Fig. 3.
CD20+ and CD3+ lymphocytes in insulitic islets with varying disease durations.

Representative islets are shown from a 5-yr-old female Caucasian donor with T1D for 3
months (IA-2A+ ZnT8A+, DR3/4, nPOD 6209, A), a 13-yr-old male Caucasian donor at
onset (GADA+ IA-2A+ ZnT8+; DR3/4, nPOD 6228, B), and a 19-yr-old male Caucasian
donor with T1D for 5 yr (GADA+ 1A-2A+ ZnT8+, DR3/4, nPOD 6195, C). Sections were
stained as in Fig. 2. Morphology of islets varied between donors and CD20+ and CD3+ cells
were both present in insulitic islets. Original magnification: 40x. GADA, glutamic acid
decarboxylase-65 autoantibody; 1A-2A, islet antigen-2 or insulinoma antigen-2; T1D, type 1
diabetes; ZnT8, zinc transporter 8 autoantibody; nPOD, Network for Pancreatic Organ
donors with Diabetes.
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Fig. 4.
Early signs of insulitis. Representative images of two islets are shown from a 23-yr-old

female Caucasian non-diabetic donor with islet autoantibodies (GADA+ 1A-2A+, DR4/4,
nPOD 6267). Serial sections were stained by double immunohistochemistry as in Fig. 1. The
majority of islet endocrine cells were insulin+ with occasional Ki67+ cells found in the islet
interior (A and B) or lymphocyte aggregate (B). Glucagon+ cells are located along the
periphery of islet folds (C and D). Focal accumulations of CD3+ lymphocytes are in the
interior region (C) or periphery (D). Original magnification: 20x. GADA, glutamic acid
decarboxylase-65 autoantibody; IA-2A, islet antigen-2 or insulinoma antigen-2; nPOD,
Network for Pancreatic Organ donors with Diabetes.
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Fig. 5.
Islet endocrine cell nuclear pleomorphism and proliferation. Representative islets are shown

from three donors with T1D [12-yr-old female Caucasian with T1D for 3 yr, nPOD 6268
(A); 14-yr-old male Caucasian with T1D for 4 yr, nPOD 6084 (B);12-yr-old male African
American with T1D for 1 yr, nPOD 6052 (C). (A) H&E stained islet (250 um diameter)
shows a wide range of nuclear morphologies and sizes, some with enlarged nuclei and
prominent nucleoli (A, red arrows). Nuclear pleomorphism is also shown in an islet stained
with Ki67 (brown) and insulin (red) showing that most of the insulin + beta cells with
enlarged nuclei are not Ki67+ (black arrow) (B). An islet stained by multi-
immunofluorescence using Ki67 (green nuclei) and synaptophysin (red) shows a very high
number of proliferating endocrine cells (C). Original magnifications: 20x (A and B); 40x
(C). nPOD, Network for Pancreatic Organ donors with Diabetes; T1D, type 1 diabetes.
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Fig. 6.
MHC class | expression varies by islet insulin positivity. Representative whole slide scans

from the pancreas head region of two serial sections are shown from a 13-yr-old male
Caucasian with T1D for 5 yr (nPOD 6243). Sections were stained for MHC class | (A and
C) or Ki67 and insulin (B and D). Another serial section stained with pancreatic polypeptide
defined the ventral lobe boundaries (denoted by solid line, images are available through the
nPOD Online Pathology Database). Note the absence of insulin staining in islets in the
ventral lobe and inter-and intra-lobular variability in insulin staining in dorsal lobe islets (B
and D). A higher magnification of two islets (boxed regions in A and B) for each stain is
shown with higher MHC class | expression in the insulin + islet compared to the insulin-islet
(circled) (C and D). Original magnification: 20x. nPOD, Network for Pancreatic Organ
donors with Diabetes; T1D, type 1 diabetes.
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