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Abstract

Clinical and pathologic heterogeneity in type 1 diabetes is increasingly being recognized.
Findings in the islets and pancreas of a 22-year-old male with 8 years of type 1 diabetes
were discordant with expected results and clinical history (islet autoantibodies negative,
hemoglobin A1c 11.9%) and led to comprehensive investigation to define the functional,
molecular, genetic, and architectural features of the islets and pancreas to understand
the cause of the donor’s diabetes. Examination of the donor’s pancreatic tissue found
substantial but reduced (3-cell mass with some islets devoid of 3 cells (29.3% of 311 islets)
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while other islets had many f3 cells. Surprisingly, isolated islets from the donor pancreas
had substantial insulin secretion, which is uncommon for type 1 diabetes of this dur-
ation.Targeted and whole-genome sequencing and analysis did not uncover monogenic
causes of diabetes but did identify high-risk human leukocyte antigen haplotypes and
a genetic risk score suggestive of type 1 diabetes. Further review of pancreatic tissue
found islet inflammation and some previously described a-cell molecular features seen
in type 1 diabetes. By integrating analysis of isolated islets, histological evaluation of the
pancreas, and genetic information, we concluded that the donor’s clinical insulin defi-
ciency was most likely the result autoimmune-mediated -cell loss but that the constella-
tion of findings was not typical for type 1 diabetes. This report highlights the pathologic
and functional heterogeneity that can be present in type 1 diabetes.

Key Words: pancreatic islet, type 1 diabetes, atypical, histology, endocrine, endotypes

Type 1 diabetes (T1D) is an autoimmune disease that re-
sults from selective destruction of islet § cells. Classically,
T1D presents during childhood or adolescence; however,
numerous patients do not fit these typical criteria [1,2]. For
example, T1D genetic risk scores suggest T1D can develop
within the first 6 months of life [3] and that as much as
40% of T1D develops after the age of 30 [4,5]. Beyond
significant difference in age of onset, even among iden-
tical twins [6], phenotypic differences in timing to insulin
dependence, residual C-peptide production, and serocon-
version could result from variables such as environment,
ethnicity, and genetics [7]. Furthermore, clinical insulin de-
ficiency can present as T1D but instead result from single
gene variants [8].

With the pathogenic heterogeneity of T1D being increas-
ingly recognized [9], the concept of numerous endotypes,
representing discrete, complex biological processes, re-
sponsible for the clinically observable T1D phenotype
is emerging [1,10]. However, precise definitions for such
endotypes do not exist. By studying pancreatic tissue and
islets from the same donor, we report unexpected findings
in the pancreas and islets of an individual with 8 years of
clinical T1D supporting the concept of T1D heterogeneity.

Materials and Methods
Donor Information

Human tissue from 15 donors (1 with T1D and 14 without
diabetes) were obtained through partnerships with organ
donor organizations as previously described [11] (Table
1). The donor highlighted in this report was a Caucasian
22-year-old male (body mass index 25.7 kg/m?) with an
8-year history of T1D treated with Novolog and Lantus
(hemoglobin Alc 11.9%) who died due to anoxic brain
injury secondary to cardiac arrest from drug intoxication
(Table 1, donor 1). Social history included cigarettes (1
pack/week), alcohol use (1x/week for 4 years), intravenous

drug abuse, and daily THC use (5 years) prior to death. In
the final admission, the donor presented in diabetic keto-
acidosis with an anion-gap metabolic acidosis and admis-
sion glucose of 719 mg/dL. Toxicology screen was positive
for tetrahydrocannabinol and opiates. He was treated
with intravenous insulin for 4 days in the intensive care
unit with respiratory support and corticosteroids, diuretics,
antibiotics, and vasopressors prior to organ harvest. Renal
(Cr 0.6 mg/dL) and hepatic (aspartate aminotransferase 14
u/L, alanine aminotransferase, 38 u/L, alkaline phosphatase
88 u/L) function were normal.

Human Pancreatic Islet and Tissue Procurement

Human pancreatic islet and tissue were procured in part-
nership with the International Institute for Advancement
of Medicine, National Disease Research Interchange,
Integrated Islet Distribution Program, and Network for
Pancreatic Organ Donors with Diabetes using previously
published methodology [8,11]. The Vanderbilt University
Institutional Review Board declared studies on de-identified
human pancreatic specimens do not qualify as human sub-
ject research.

Measurement of Endocrine Cell Populations

Islet dissociation, intracellular antibody staining, and popu-
lation analysis on a BD Biosciences FACS Aria II Cell Sorter
was performed using a previously described protocol [12].

DNA Sequencing

DNA was extracted from snap-frozen donor tissue
using Wizard Genomic DNA purification kit (Promega,
A1120). DNA sequencing was performed as previously
described [8,11] using a custom-designed next-generation
sequencing—targeted panel that includes 148 genes
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implicated in monogenic forms of diabetes (neonatal dia-
betes and maturity-onset diabetes of the young), insulin
resistance, lipodystrophy, obesity, rare syndromic forms of
diabetes, and diabetes candidate genes [13]. The T1D gen-
etic risk score was calculated from 10 variants known to be
associated with T1D [5].

Whole-exome Sequencing

Whole-exome sequencing was performed using the
Agilent SureSelect Clinical Research Exome Kit (Agilent
Technologies) on Illumina NextSeq technology with 150-
bp paired end reads and mean depth of coverage over
150x. Variants with a global population frequency >1% in
ExAC were excluded. Variants were filtered for relevance
to human diabetes using diabetes-related keywords with
Online Mendelian Inheritance in Man and Human Gene
Mutation Database. All variants were interpreted according
to the American College of Medical Genetics guidelines.

Pancreatic IsletT-cell Isolation

One hundred hand-picked whole islets were dissociated
and immediately stained with viability dye and T-cell
markers, which were used to detect T-cell populations by
flow cytometry as previously described [14]. The gate was
set for single cells, viable cells, and CD45+ (BD BioSciences,
no. 560178, 1:100) [15] cells. All CD45+ cells were inter-
rogated for either CD3+ (BD BioSciences, no. 555334,
1:100) [16] T cells or CD19+ (BD BioSciences, no. 555412,
1:25) [17] B cells. The CD3+ T cells were further evalu-
ated for CD4+ (BD BioSciences, no. 555346, 1:25) [18]
and CD8+ (BD BioSciences, no. 561953, 1:25) [19] cell
subpopulations.

In Vitro Assessment of Pancreatic Islet Function

Islet function of the T1D donor (Table 1, donor 1) and
normal controls (Table 1, donors 2-10) was evaluated with
a dynamic cell perifusion system as previously described
[8,11,20]. Insulin and glucagon concentrations in each
perifusion fraction and islet extracts were measured by
radioimmunoassay (Millipore).

Immunohistochemical Analysis

Immunohistochemical analysis of pancreas was performed
on serial 5-um cryosections from multiple blocks from
head, body, and tail regions for islet cell mass, insulitis, and
quantification of cellular protein expression as described
[8,11]. Primary antibodies to insulin (Dako, no. A0564,
1:1000) [21], glucagon (abcam, ab-10988, 1:500; Cell

Signaling, no. 2760, 1:500) [22,23], CD45 (BD Pharmigen,
no. 555480, 1:100) [24], C-peptide (DSHB, GN-ID4,
1:500) [25], NKX6-1 (gift from Palle Serup, 1:2000), ARX
(R&D Systems, AF7068, 1:1000) [26], MAFB (gift from
Roland Stein, BL1228, 1:3000), somatostatin (Santa Cruz,
sc-7819,1:500) [27], and appropriate secondary antibodies
(all to donkey and from Jackson ImmunoResearch: anti-
guinea pig-Cy2, 706-225-148, 1:500; anti-rat-Cy2, 712-
225-153 1:500; anti-mouse Cy3, 715-165-150, 1:500;
anti-rabbit-Cy3, 711-165-152, 1:500; anti-mouse-Cy35,
715-175-151, 1:200; anti-goat-Cy5, 705-605-003, 1:200;
anti-guinea pig-Cy5, 706-175148, 1:200) [28-34] were
used. Based on recent reports, insulitis was defined by the
presence of 15 or more CD45+ cells within the islet or the
periphery. An islet was defined as greater than 80 um. The
presence of pseudoatrophic islets (ie, islets devoid of insulin
positive cells) was confirmed by evaluation of the head,
body, and tail regions. Percentage of islet cells was deter-
mined by number of cells expressing indicated marker over
total cells in manually annotated islet region. The cumula-
tive distribution of a cells,  cells, and CD45+ cells and cor-
relation plots of hormone producing cells to CD45+ cells
were assessed by simple linear regression using GraphPad
Prism 8.0. Protein expression of nuclear factors in o cells
was quantified using MetaMorph 7.1 imaging software
(Molecular Devices) with manual counting and an average
of 290 + 57 a cells were counted per normal donor (Table
1, donors 4, 8-9, and 11-15) and an average of 763 + 372 a
cells were counted for this donor (Table 1, donor 1) for
each transcription factor (MAFB, ARX, NKX6.1).

Statistical Analysis

Values are shown as mean = SE of the mean for control
samples. Data from a sample size of n = 1 for the donor
precluded formal statistical analysis.

Results
Clinical Characteristics of Donor

We studied the pancreas and islets from a Caucasian
22-year-old male (body mass index = 25.7 kg/m?) with
an 8-year history of T1D treated with insulin (Table
1, donor 1). At the time of pancreas procurement, the
donor’s hemoglobin Alc was 107 mmol/mol (11.9%)
and T1D-associated autoantibodies (mIAA, TA2A,
GADA, and ZnT8) were negative. The serum C-peptide
was 0.06 ng/mL, suggesting near absolute insulin defi-
ciency but could also reflect impaired insulin secretion
related to critical illness at the time of sample collection.
No family history of diabetes was reported in the re-
dacted medical chart.
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Investigation of Pancreatic Tissue Revealed
Typical and Atypical Features of T1D

The donor pancreas was reduced in size and weighed 59.1g,
similar to that seen for other T1D pancreata [35]. The pan-
creas was processed to obtain both tissue and isolated islets
[32 000 islet equivalents (IEQs) at 65% purity, with greater
than 90% viability] [11]. Surprisingly, systematic analysis
of the head, body, and tail regions of the donor pancreas by
immunofluorescence found that most islets (70.7%; 220 of
311 islets) contained at least 1 (3 cell, in contrast to tissue
from donors with less than 10 years of T1D (17.8 + 15.5%)
[11] (Fig. 1A-1B). Despite remnant f cells in most islets, in
aggregate, the distribution of the proportion of {8 cells per
islet was strongly shifted downward, which was not seen
with o cells (Fig. 1B-1C). Thus, the overall B-cell mass in
the pancreas was lower than a-cell mass and less than that

A Non-diabetic

Normal g8 cell

seen in donors without diabetes (Fig. 1D) but greater than
in most individuals with T1D [11].

Isolated Islets Showed Substantial Insulin
Secretion and Content

Surprisingly, both insulin and glucagon content per
IEQ were similar to islets from nondiabetic donors (Fig.
1E-1F). Independent evaluation of isolated islet endocrine
composition by flow cytometry (Fig. 1G) was also in the
range of normal, unusual for T1D of this duration [11].
When normalized to % insulin content, these T1D donor
islets had substantial glucose-stimulated insulin secretion
in response to multiple secretagogues, suggesting that the
function of individual B cells was relatively normal (Fig.
2A-2B). Consistent with the unexpectedly high B-cell
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Figure 1. Pancreatic islets from pancreas of 22-year-old donor with 8 years of type 1 diabetes had surprising p-cell numbers. (A) Expression of in-
sulin (INS) or C-peptide (CPEP), glucagon (GCG), and somatostatin (SOM) in the donor’s (Table 1, donor 1) pancreatic tissue compared to a normal
nondiabetic islet. Representative islets of varying p-cell numbers from donor are shown. Scale bar = 50 pum. (B-C) Cumulative distribution and violin
plot of % (3 cells (B, green) per islet, % o cells (C, blue). Dashed line in B denotes nearly 30% of islets were devoid of all § cells. (D) §, a, and 6 cell
mass (grams) in donor pancreas compared to controls (Table 1, donors 4, 8-9, 11-15; control data published previously [8,11]). Each data point rep-

resents the average mass across the combined pancreatic head, body and tail regions of each donor. (E-F) Islet insulin (E) and glucagon (F) content
compared to donors without diabetes [normal donors (ND)]. (G) Endocrine cell populations in dispersed isolated pancreatic islets from this donor
contained 52.7% { cells, 44.4% o cells, and 2.7% & cells. Normal control islets collected by this method had a range of 53.4 + 2.6% f3 cells, 38.5 + 2.7%

a cells, and 7.5 £ 0.9% & cells [11].
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Figure 2. Pancreatic islets from pancreas of 22-year-old donor with 8 years of diabetes had considerable dynamic insulin secretion. (A, C) Insulin (A)
or glucagon (C) secretion measured in islets isolated from donor (Table 1, donor 1, red) pancreas compared to controls without diabetes (Table 1,
donors 2-10, blue; control data previously published [8,11]) normalized to % insulin content. G 5.6 — 5.6 mM glucose; G 16.7 — 16.7 mM glucose; G
16.7 + isobutylmethylxanthine (IBMX) 100 — 16.7 mM glucose + 100 uM IBMX; G 1.7 + Epi 1 — 1.7 mM glucose + 1 uM epinephrine; KCI 20 — 20 mM
potassium chloride. (B, D) Integrated insulin (B) or glucagon (D) secretion was calculated as area under the curve (AUC) for the listed secretagogues.
Analogous traces and analyses normalized by islet equivalents (IEQ), a measure of islet volume, are shown in Fig. 2E-2H. Results of the nondiabetic

samples are expressed as mean = SE of the mean.

numbers, the insulin secretion profile was more similar to
nondiabetic controls and considerably more than reported
for other T1D islet preparations when normalized by islet
volume (IEQ) (Fig. 2E-2F) [11]. Interestingly, glucagon se-
cretion was decreased when normalized by % glucagon
content (Figs. 2C-2D and 2G-2H for normalization by islet
volume), similar to findings in recent-onset T1D islets (<10-
year T1D duration) and not described in the a cells from

a donor with clinical insulin insufficiency due to HNF1A-
associated monogenic diabetes [8,11].

Genetic Analysis Did Not Uncover Monogenic
Causes of Diabetes

Because of the absence of T1D-associated antibodies and
the greater than anticipated pancreatic 3-cell mass, insulin
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Table 2. DNA sequencing of 22-year-old male donor with 8 years of type 1 diabetes for variants associated with monogenic

diabetes
Gene Chr Transcript ID (NCBI) Nucleotide Amino Acid dbSNP ID MAF POLY Score
Change

CDKNIC 11 NM_000076.2 c.543_554del p-Ala191_Pro194del NA 0 0
CYP27B1 12 NM_000785.3 c.963 +7T > G — NA 0 0
EIF2AK3 2 NM_004836.5 c.-201A > G — rs144057685 0.005 0
FBN1 15 NM_000138.4 c.3294C>T p-Asp1098Asp rs140587 0.005 0
GCK 7 NM_000162.3 ¢.209-8G > A — rs144798843 0.001 0

DNA isolated from pancreatic sample of donor was subjected to DNA sequencing covering coding regions and splice junctions of 148 genes associated with mon-

ogenic diabetes [13].
Abbreviations: Chr, chromosome; MAF, minor allele frequency.

Table 3. Variants associated with diabetes arising from whole exome sequencing of 22-year-old male donor with 8 years of

type 1 diabetes

Gene Transcript ID (NCBI)  Nucleotide Amino acid change ~ Zygosity Allele Frequency (gnomAD), %  SIFT
ABCC9 NM_005691.3 c.3594G>A  Metl1198lle Heterozygous 0.0071 Tolerated
COL6AS NM_153264.6 c.2006T > G  Val669Gly Heterozygous 0.5300 Deleterious
EPGS NM_020964.3 c.3280G > A Gly1094Ser Heterozygous 0.0250 Tolerated
OAS1 - c.812A>T Tyr271Phe Heterozygous 0.0016 Tolerated
PPIPSK2 NM_001345875.2 c.3325A>G  Tle1109Val Heterozygous 0.0920 Tolerated
SLC2A4 — c.811C>T Arg271Trp Heterozygous 0.0000 Deleterious
SOS1 — c.2593T > G  Leu865Val Heterozygous 0.0000 Deleterious
UCP1 — c.169G > A Gly57Ser Heterozygous 0.0290 Tolerated
ZZEF1 — c.8785C>G  Leu2929Val Heterozygous 0.0510 Deleterious

Donor DNA underwent whole-exome sequencing. Variants were filtered for relevance to human diabetes using key words with the top 9 variants reported here.

Abbreviation: SIFT, Sorting Intolerant From Tolerant.

secretion, and insulin content, all unexpected in T1D of this
duration, we sequenced the donor DNA for variants in 148
diabetes-related genes and identified a heterozygous variant
in the intronic region of glucokinase (GCK: ¢.209-8G > A)
(Table 2). While this variant was previously reported [36], it
is now known to be nonpathologic when evaluated by cur-
rent in silico predictive tools (data not shown from Dr. R.
Hegele, unpublished). The donor had the high-risk human
leukocyte antigen (HLA) haplotypes DR4 and DQS8; fur-
ther analysis of single nucleotide polymorphisms in HLA
and non-HLA loci revealed a T1D genetic risk score of
>75th percentile, which is reported to be indicative of T1D
with 95% specificity and 50% sensitivity [5].

To further investigate the possibility of a diabetes re-
lated to a single gene variant, we performed whole-exome
sequencing. All variants associated with diabetes were
evaluated by keywords and assessed for pathogenicity
and clinical phenotype, but no clear pathogenic variants
in known genes related to [-cell identity or function were
identified (Table 3). Interestingly, we did identify a previ-
ously unreported variant in SLC2A4 (¢.811C > T), which
encodes GLUT4, the insulin-regulated glucose transporter

[37], that was predicted to be deleterious to protein
function.

Analysis of Islets and Pancreas Suggests
Autoimmune Etiology for the Donor’s Diabetes

Despite the lack of humoral islet-directed autoimmunity, 21
of 311 islets (7%) evaluated from 8 blocks encompassing
all regions of the donor pancreas had CD45+ infiltration
with 215 CD45+ cells within the islet or at the islet per-
iphery (Fig. 3A-3B) [9]. Notably, the degree of islet immune
cell infiltration, measured by percentage of total islet cells
expressing CD435, correlated with the proportion of islet
[ cells but not islet a cells (Fig. 3C) [9]. To identify these
immune cells, lymphocytes were sorted from 100 hand-
picked donor islets (Fig. 3D-3]) with 6 CD4+ T cells, 20
CD8+ T cells, and 12 CD19+ B cells identified, similar in
distribution to samples with a >5-year duration of T1D
(Dr. S. Kent, unpublished). We also looked for evidence of
disordered islet gene expression recently described in T1D
[11]. Misexpression of -cell marker NKX6.1 transcription
factor in a cells with maintained expression in B cells was
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Figure 3. Pancreatic islets from pancreas of 22-year-old donor with 8 years of type 1 diabetes demonstrated immune and molecular features sug-
gestive of type 1 diabetes. (A) Representative islet [C-peptide (CPEP), green; glucagon (GCG), blue) from donor showing significant immune cell
(CD45, red) infiltration. Scale bar = 50 um. (B) Cumulative distribution and violin plot of number of CD45+ cells per islet. Intersection of dashed lines
in B indicates approximately 7% of islets (n = 311 islets evaluated) with 15 or greater CD45+ cells. (C) Correlation of % CD45+ cells vs % CPEP+ or
% GCG+ cells in 311 islets reviewed from this donor analyzed by simple linear regression. * indicates significantly (P < 0.05) nonzero slope. (D-J)
Lymphocytes from 100 hand-picked islets were dissociated and evaluated by flow cytometry. Initial gating for single, viable cells is shown in D-F. Cells
were interrogated for CD45+ cells (G) and CD3+T cells (H), which were evaluated for the subpopulations of CD8+ and CD4+T cells (I) and for CD19+
B cells (J). (K-L) Immunohistochemistry (K) for expression of nuclear markers MAFB, ARX, and NKX6.1 in donor o cells and quantified (L) compared
to the appropriate controls (Table 1, donors 4, 8-9, and 11-15; control data previously published [8, 11]). Scale bars in K represent 50 um with corres-
ponding inset scale bar 10 um. Results of the nondiabetic samples are expressed as mean + SE of the mean.
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seen in a pattern similar to that reported in T1D. However,
we did not appreciate change in donor a-cell ARX or
MAFB expression (Fig. 3K-3L).

Discussion

In studies of the pancreas and islets from an individual
with clinical T1D for 8 years, we found features that were
surprising for T1D of this duration, including greater than
anticipated f-cell mass in the pancreas and insulin secre-
tion by isolated islets. These unexpected findings prompted
a search for a single gene variant that contributed to the
insulin deficiency; however, both targeted and whole-
exome DNA sequencing found no clear monogenic cause
for diabetes. Instead, further analysis of pancreatic tissue
and islets revealed lymphocytic infiltration in islets with
remnant [ cells and molecular changes in o cells consistent
with T1D. By integrating pancreatic islet histology, func-
tion, molecular analysis, and donor genetics, we conclude
that this donor’s clinical insulin deficiency was most likely
the result of immune-mediated loss of {3 cells, even though
there were atypical features.

While the majority of T1D samples have nearly undetect-
able f cells by 10 years of disease, similar cases of substan-
tial remnant B-cell mass (>10% of control) despite years of
T1D have been reported [9,38]. However, substantial in-
sulin secretion by isolated islets is quite unusual and differs
from prior reports of T1D islets [11]. Interestingly, there
was also discordance between [-cell numbers from iso-
lated islets compared to in situ analysis of pancreatic tissue.
Acknowledging this is a single case, possible explanations
include (1) the function of the isolated islets did not reflect
their in vivo function, perhaps as a result of glucotoxicity
from the sustained hyperglycemia (Alc of 11.9), with re-
covery of islet function after isolation and during culture
and (2) the isolated islets did not reflect those in the native
pancreas; islets with more 3 cells and nearly normal insulin
content/IEQ were overrepresented in the isolated islet prep-
aration. Since most studies of T1D pancreas have examined
only pancreatic tissue and not both islets and tissue, add-
itional research is needed.

Clinically observed T1D in this donor with partially pre-
served f3-cell mass and substantial insulin secretory function
challenges perceived dogma regarding B-cell decline and
threshold for clinical disease in T1D. While the variant in
SLC2A4 is unlikely to cause the donor’s diabetes, it points
out that other features could contribute to the clinical pic-
ture in the setting of inadequate B-cell mass in T1D. In add-
ition, the presence of considerable functional 3 cells in ex
vivo studies despite evidence of ongoing autoimmunity in
this donor suggests that efforts to enhance and protect re-
maining 3 cells could be quite beneficial in such individuals.

Moreover, while our evaluation of autoantibodies in this
donor occurred at the time of death and may not be repre-
sentative of this individual’s autoantibody status at disease
diagnosis, this case highlights the importance and need for
persistent biomarkers in T1D.

In sum, these findings demonstrate the value of
integrating studies from both pancreatic tissue and iso-
lated islets by highlighting unique aspects of pathologic
and functional heterogeneity in T1D. This report adds to
a growing consensus of heterogeneity in clinical presenta-
tion that may be indicative of multiple, distinct biological
mechanisms that act to produce the clinical T1D phenotype
[1,3,4]. Continued efforts directed at detailed clinical and
immunologic phenotyping of individuals with T1D and
in-depth analysis of the islets and tissue from donors with
T1D are needed to understand this heterogeneity, precisely
define the different forms of diabetes, and identify in vivo
biomarkers that can help identify these cases early in dis-
ease progression [39].
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