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ABSTRACT

Histopathology based studies of the pancreas obtained from organ donors are increasing our
awareness of islet phenotypic heterogeneity during development and aging, as well as in settings
of type 1 diabetes, type 2 diabetes, monogenic diabetes or other forms of this metabolic disease.
Islet amyloidosis represents a histopathological feature classically ascribed to patients with type 2
diabetes. Herein, the occurrence of islet amyloidosis and its severity are reported in a child with
type 1 diabetes along with histological comparisons of islet amyloidosis in two young adults with
recent-onset type 1 diabetes. Islet amyloidosis was infrequent yet widely distributed throughout
the pancreas in the child with type 1 diabetes and both adults with type 1 diabetes, with no such
pathology seen in matched control donors. Analysis of these cases add to the increasing appre-
ciation of islet heterogeneity in children and young adults with type 1 diabetes. Such knowledge
also supports a notion that multiple pathophysiological mechanisms underlie the loss of func-
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tional B-cell mass in the spectrum of clinical phenotypes in patients with type 1 diabetes.

Introduction

Renewed interest and access to quality human
pancreas biospecimens for histopathology studies
have led to an increased appreciation for islet
heterogeneity in normal subjects as well as in
patients with various forms of diabetes. From
a historical perspective, islet amyloidosis has
widely been considered pathognomonic for type
2 diabetes, developing from extracellular deposi-
tion of islet amyloid polypeptide (IAPP)."'” In this
short report, islet amyloidosis is described for the
first time to our knowledge, in a child with type 1
diabetes. Two young adults with recent-onset type
1 diabetes are also described with islet amyloidosis
with comparisons to matched controls.

Methods
Patients

Pancreas and other tissues were recovered from organ
donors through the Network for Pancreatic Organ
donors with Diabetes (nPOD) program according to

established protocols, with research consent for organ
donation secured according to federal and institu-
tional regulations.” Clinical diagnosis was made by
Pediatric endocrinology specialists based on medical
history obtained from the terminal hospitalization
medical records and laboratory assays including islet-
related autoantibodies, HbAlc, C-peptide, and HLA
high-risk for type 1 diabetes as previously described
(Table 1).* A family history of diabetes was reported in
the organ donor questionnaire from all three patients,
yet diabetes type was not specified.

Histology

Serial paraffin sections (4 pm thick) from each
available pancreas region (head, body, tail; N > 1
block/region) were stained by hematoxylin and
eosin (H&E) and immunohistochemistry (insulin,
glucagon, Ki67, CD3) following standard protocols
in all donors (Supplementary Table 1).* Pancreas
head and tail were available from patient 6414,
pancreas tail was available from patient 6362, and
head, body and tail were available from patient
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Table 1. nPOD patient and matched control donor demographic and laboratory assay data.

Donors with Type 1 Diabetes Controls
CaselD 6371 6414 6362 6318 6238 6339
Age at death, years 12.5 231 249 10 20 233
Diabetes duration, years 2 0.43 0 - - -
Ethnicity Caucasian African American  Caucasian Caucasian African American  Caucasian
Sex Female Male Male Female Male Male
BMI (kg/m?) 16.6 284 285 17.6 21.7 25
HbA; % (mmol/mol) 9.5 (80) 14 (130) 10 (86) 5.2 (33) NA 5.3 (34)
C-peptide (ng/mL) 0.1 0.16 0.38 3.89 117 10.56
Islet autoantibody testing®  GADA+ IA-2A+ ZnT8A+ GADA+ ZnT8A+  GADA+ Negative Negative Negative
HLA genotype DRB1*03/13 DRB1*03/09 DRB1*01/03 DRB1*04/11 DRB1*03/11 DRB1*03/10
DQA1*01/05 DQA1*05/03 DQA1*01/05  DQA1*03/05  DQA1*04/05 DQA1*01/05
DQB1*02/06 DQB1*02/02 DQB1*02/05 DQB1*03/03 DQB1*03/04 DQB1*02/05
Cause of death Cerebral edema Anoxia Head Trauma Head Trauma Head Trauma Head Trauma
Insulitis present Yes Yes Yes No No No

NA, not available.

%Islet autoantibody testing was performed for glutamic acid decarboxylase-65 (GADA), insulinoma-associated protein-2 (IA-2A), and zinc transporter
8 (ZnT8A) by radioimmunoassay as previously reported.3'5 All values were converted to NIDDK units and defined as positive for GADA if >20, IA-2A

if =5, and ZnT8A if 20.020.

6371. Stained slides were digitized with an Aperio
CS2 slide scanner (Leica/Aperio, Buffalo Grove,
IL). Histopathology reviews were conducted on
all stained slides. When islet amyloid was detected
during initial histopathology reviews, additional
pancreas sections (8 pum thick, N = 4-7 sections/
patient) were requested for staining using Congo
Red (S7441, Cardinal Health, Dublin, OH) to con-
firm islet amyloidosis. Three age-, BMI-, and sex-
matched control donors to the three patients with
type 1 diabetes described herein were selected and
paraffin sections similarly stained with Congo Red
(Table 1).

Image analysis

Congo Red staining within islets was analyzed using
HALO software (Indica Labs, Corrales, NM).
Amyloid area was automatically quantified using the
tissue classifier function in HALO after total tissue,
islet count and amyloid positive islet areas were calcu-
lated following manual annotations. Islet amyloid pre-
valence was expressed as amyloid-positive islets/total
islets per section (%). Islet amyloid severity was
expressed as amyloid-positive area/islet cross-
sectional area (%) for islets containing amyloid. Islet
amyloid severity was also scaled as follows: 1) minimal
(<10% of islet area was amyloid), 2) mild (10-25% of
islet area was amyloid), 3) moderate (25-49% of islet
area was amyloid), and 4) severe (>50% of islet area
was amyloid). Islet amyloid area was also expressed
per total tissue sectional area (%).

Statistical analyses

All data are reported as mean + SD or range with
N = number of sections per donor. Data were plotted
using Prism 7.0 (GraphPad software, San Diego, CA).

Results

Histopathology reviews of sections stained by H&E
revealed islet amyloidosis in the three patients with
type 1 diabetes (Figure 1(A-C)). All islets with amy-
loid had -cells that were displaced towards the islet
periphery or vascular channels in varying degrees by
the intra-islet amyloid deposits (Figure 1(D-EF)).
Congo Red staining showed a wide range in numbers
of amyloid-positive islets per section with variable
degrees of regional islet amyloidosis in all three
patients (Figure 1(G-I)). No amyloid was detected
by Congo Red staining in three matched controls
(Supplementary Figure 1). Islet amyloid prevalence
ranged from 0-9.3%, 0-12.6%, and 0-4.7% in donors
6371, 6414, and 6362, respectively (Figure 1(J)). Islet
amyloid severity within only amyloid positive islets
per section ranged from 0-41.2%, 0-15.1%, and
0-39.0% in donors 6371, 6414, and 6362, respectively
(Figure 1(K)). As expected, the overall amyloid area/
total section area (%) was exceedingly small, ranging
from 0-0.029%, 0-0.045%, and 0-0.004% in donors
6371, 6414, and 6362, respectively (Figure 1(L)). In
donors 6371 and 6362, amyloid-positive islets were
distant from each other and rare (0-8 islets/section),
with minimal to moderate islet amyloidosis (12 islets
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Figure 1. Islets with severe amyloidosis in patients with type 1 diabetes. Representative islets are shown from donors 6371 (A, D, G),
6414 (B, E, H), and 6362 (C, F, I). Serial sections were stained by h&e (A-C), double immunohistochemistry for insulin (red) and Ki67
(brown) (D and F), triple immunohistochemistry for insulin (red), glucagon (yellow) and Ki67 (black) (E), and Congo Red for amyloid
(G-1). Islet amyloid prevalence ranged from 0-12.6% (J), and islet amyloid severity within only amyloid positive islets per section
ranged from 0-41.2% (K) in the donors with type 1 diabetes. The overall amyloid area/total section area (%) in donors with type 1
diabetes was exceedingly small, ranging from 0-0.045% (L). Three non-diabetic matched control donors (ND 6318, 6238, and 6339)
had no amyloid positive islets in any section examined (J-L). Scale bars: 100 um (A-l). Whole slide images are available through the
nPOD Online Pathology Database (https://www.jdrfnpod.org/for-investigators/online-pathology-information/).
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with 0.4-19% amyloid area; 7 islets with 25-48%
amyloid area) (Supplementary Table 2). Donor 6414
had a higher frequency of amyloid-positive islets
(4-35/section) with minimal to moderate amyloidosis
(41 islets with 1.5-23% amyloid area, two islets with
25-43% amyloid area, respectively) (Supplementary
Table 2). A clustering of amyloid positive islets was
observed in two lobules from donor 6414 but not in
the other two donors with type 1 diabetes. This lobu-
lar pattern of islet amyloid was unevenly distributed
across the pancreas, largely being concentrated in the
tail with a few foci identified in the head region
(Figures 2-3). All three donors with type 1 diabetes
had insulitis; however, insulitic islets did not show
amyloidosis (Table 1).6

Discussion

Islet amyloidosis is such a common pathological fea-
ture of the pancreas in type 2 diabetes, it is widely
considered a pathologic feature for this disease.” Islet
amyloid is derived from IAPP (amylin) and is co-
produced/co-secreted with insulin from p-cells.
When misfolded and mistrafficked within B-cells, it
has the propensity to aggregate and form intermediate
toxic oligomers or non-toxic fibrils.® The membrane-
permeant IAPP oligomers may act as non-selective
ion channels, further compounding [-cell stress that
may ultimately lead to cellular apoptosis. Conversely,
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the IAPP fibrils are relatively inert, depositing as amy-
loid following the cell’s demise.®

In 1978, Westermark and Wilander performed
a hallmark study providing a detailed analysis of islet
amyloid deposits across the pancreas in a cohort of
control subjects (mean age 74.8 + 7.9 years, n = 15)
and subjects having type 2 diabetes (73.8 + 3.8; dia-
betes duration 6.5 + 3.8 years, n = 12).” Using Congo
Red to identify amyloid deposits, they found that the
percentage of amyloid-containing islets increased
from the head to the tail region in subjects with type
2 diabetes (head: 30.1 + 22.9%, range 3-81%; body:
49.2 + 28.3%, range 10-97%; tail: 71.5 + 17.3%, range
46-96%). In contrast, islets with amyloid were infre-
quent in the control subjects (mean in head 0%, body
1.3%, and tail 1.5%). Beyond its association with type
2 diabetes, islet amyloid has been reported as an
incidental finding during the autopsy of the elderly
and in the analysis of transplanted islets, insulinomas,
cystic-fibrosis related diabetes, and monogenic dia-
betes cases.'”"> Interestingly, islet amyloid forms
rapidly in islets transplanted into patients with type
1 diabetes and is thought to play a role in islet graft
inflammation and dysfunction (reviewed in'®).

More recently, Westermark et al. reported 10%
islet amyloidosis by Congo Red staining in two of
six patients (range 18-35 years old) with recent-
onset type 1 diabetes who underwent pancreatic
biopsy.'” The amyloid was detected both intra-and
extracellularly and in association with dying (-

Figure 2. Image analysis of Congo Red staining for islet amyloid in three patients with type 1 diabetes. Sections were stained and
analyzed with Congo Red as described in Methods. Whole slide scans were manually annotated for total pancreas area (blue) and
islets (yellow). Amyloid area within islets (red) was identified using the tissue classifier within HALO image analysis software.
A pancreas body section from case 6371 (A) and pancreas tail from 6362 (C) showed scattered and infrequent islet amyloidosis.
A pancreas tail section from case 6414 (B) showed clustering of islet amyloidosis in two lobules (shown in higher magnification in
Figure 3). Scale bars: 2 mm. Whole slide images are available through the nPOD Online Pathology Database (https://www.jdrfnpod.

org/for-investigators/online-pathology-information/).
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Figure 3. Clustering of islet amyloidosis in type 1 diabetes
donor 6414. Islet amyloidosis was observed in two main lobules
as shown with pink coloration by Congo Red staining in a block
from the tail region (A). Regions with severe islet amyloidosis in
both lobules are shown by black boxes in A and in higher
magnifications in panels B-C. Scale bars: A: 2 mm, B,C
100 pm. Whole slide images are available through the nPOD
Online Pathology Database (https://www.jdrfnpod.org/for-
investigators/online-pathology-information/).

cells, possibly indicating that amyloid first accu-
mulates intracellularly in stressed B-cells in type 1
diabetes. This observation provides an intriguing
parallel between the pathological processes in type
1 and type 2 diabetes, adding support to the con-
cept that common metabolic derangements likely
occur in B-cells in both diseases.

This novel report of amyloidosis occurring in
a child with type 1 diabetes adds new appreciation
for the ability of islet amyloidosis to occur in type 1
diabetes, even in the young. Our further finding of islet
amyloid in two young adults with recent onset type 1
diabetes is in keeping with the report by Westermark
et al.'” The child with type 1 diabetes showed a very
similar pattern to the two young adults in terms of islet
amyloid prevalence and severity. Notably, however,
the child and one of the young adults (6362) showed
a scattered distribution of amyloid-containing islets
whilst, in the other young adult (6414), lobular clus-
tering of amyloid-containing islets was seen. This
lobular clustering of amyloid was also noted in the 2

subjects with recent onset type 1 diabetes in the
Westermark report.'” Islet amyloid prevalence was
similar in our 3 donors and the 2 subjects reported
by Westermark et al; this is interesting given that only
biopsies of pancreatic tail were available in the latter
report, whereas we were able to study the entire pan-
creas. Islet amyloid severity in the affected islets was
not quantitated in the Westermark report; however,
based upon the Figure provided, it appears that the
amyloid tended to be less severe in their cases.

Overall, the presence of amyloid in pancreatic islets
in type 1 diabetes, as well as heterogeneity in amyloid
distribution and severity, indicate that further investi-
gation is needed to gain an improved understanding
for the role of islet amyloidosis as a potential patho-
genic feature in this disease.
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