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Descriptions of insulitis in human islets throughout
the natural history of type 1 diabetes are limited. We
determined insulitis frequency (the percent of islets
displaying insulitis to total islets), infiltrating leukocyte
subtypes, and b-cell and a-cell mass in pancreata recov-
ered from organ donors with type 1 diabetes (n = 80), as
well as from donors without diabetes, both with islet au-
toantibodies (AAb+, n = 18) and without islet autoanti-
bodies (AAb2, n = 61). Insulitis was observed in four of
four donors (100%) with type 1 diabetes duration of £1
year and two AAb+ donors (2 of 18 donors, 11%). Insulitis
frequency showed a significant but limited inverse corre-
lation with diabetes duration (r = 20.58, P = 0.01) but not
with age at disease onset. Residual b-cells were observed
in all type 1 diabetes donors with insulitis, while b-cell area
and mass were significantly higher in type 1 diabetes do-
nors with insulitis compared with those without insulitis.
Insulitis affected 33% of insulin+ islets compared with 2%
of insulin2 islets in donors with type 1 diabetes. A signifi-
cant correlation was observed between insulitis frequency
and CD45+, CD3+, CD4+, CD8+, and CD20+ cell numbers
within the insulitis (r = 0.53–0.73, P = 0.004–0.04), but not
CD68+ or CD11c+ cells. The presence of b-cells as well as
insulitis several years after diagnosis in children and young
adults suggests that the chronicity of islet autoimmunity
extends well into the postdiagnosis period. This informa-
tion should aid considerations of therapeutic strategies
seeking type 1 diabetes prevention and reversal.

Type 1 diabetes (T1D) is a chronic autoimmune disorder
resulting from poorly understood combinations of im-
munologic, genetic, and environmental factors that drive

immune responses against multiple b-cell antigens, result-
ing in the irreversible loss of functional pancreatic b-cells
(1). These destructive processes are thought to begin
months to years before the clinical symptoms of T1D occur.
Ongoing autoimmunity and b-cell destruction are asymp-
tomatic during this prediabetic period, but can be identified
serologically by the presence of autoantibodies against one
or more of several b-cell autoantigens, including GAD an-
tibody (GADA), islet antigen 2 antibody (IA-2A), insulin
autoantibody (IAA), and zinc transporter 8 (ZnT8A) (2).
The number, rather than the titer, of these so called “islet
autoantibodies” can be used to determine risk for T1D
development (reviewed in Brorsson et al. [3]).

Whereas the initial description for inflammation of
pancreatic islet cells (i.e., insulitis) in individuals with T1D
occurred more than a century ago, a limited number of
studies have characterized this lesion in patients with the
disease or during the preclinical phase (4). Certain excep-
tions exist, yet a meta-analysis of the literature would
suggest that insulitis is present in young donors (,14
years of age) within 1 year of T1D diagnosis as well as
in donors with multiple islet autoantibodies who did not
have diabetes (5–9). Difficulties in studying human islets/
b-cells in vivo can be ascribed to several factors, including
their relative scarcity within the pancreas (1–2%), ana-
tomical inaccessibility, declining patient autopsy rates,
and inherent risks associated with pancreatic biopsy
(reviewed in Krogvold et al. [10]). This inability to per-
form pathological evaluations is unfortunate as such eval-
uations hold the potential to help explain, in part,
multiple facets of disease heterogeneity, including age
variation at diagnosis and disease progression including
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rate of C-peptide decline after onset or with experi-
mental therapy (11,12). In an attempt to overcome
these limitations, organized efforts have been devel-
oped to obtain high-quality pancreas biospecimens
from organ donors to study mechanisms of b-cell loss
in T1D (e.g., PanFinn, Belgian Diabetes Registry, JDRF
Network for Pancreatic Organ Donors with Diabetes
[nPOD]) (7,13,14).

In the current study, our major objective was to screen
pancreata from nPOD donors with and without T1D, as
well as from donors with and without islet autoantibodies
but no diabetes, for islets with insulitis followed by
leukocyte subtyping of infiltrating cells. Insulitis frequency
and leukocyte subtypes in islets still expressing insulin as
well as insulin2 islets were correlated with donor clinical
attributes (age at onset or demise, diabetes duration, auto-
antibody numbers, HLA, and diabetic ketoacidosis [DKA]).
The b-cell and a-cell area and mass were also determined
for each donor group and were tested for correlations to
insulitis frequency and diabetes duration.

RESEARCH DESIGN AND METHODS

Study Design
Pancreata were recovered from organ donors during a
7-year period through the JDRF nPOD program according
to procedures previously described (14–16). This report
provides results from donors with the following: 1) no
history of diabetes or other pancreatic disease and nega-
tive for islet cell autoantibodies (AAb2, n = 61); 2) no
history of diabetes or other pancreatic disease but positive
for islet autoantibodies (AAb+, n = 18); or 3) T1D (n = 80).
The lower age limit in this study was 4 years because
the youngest donor with T1D was 4.4 years of age and
estimates of b-cell proliferation were reported to be near
adult levels by this age (17,18). Clinical and demographic
data are summarized (Supplementary Table 1) and include
the proportions of donors by numbers of islet autoanti-
bodies and those with DKA in relation to cause of death.
Diabetes durations were known for 79 of 80 donors with
T1D; 1 donor with unknown diabetes duration was a 34-
year-old Caucasian male with a clinical history of insulin-
dependent diabetes, undetectable C-peptide levels, and no
insulin+ islets, as determined by histopathology (nPOD
case 6032). Ethical permission was obtained from the In-
stitutional Review Board at the University of Florida, and
informed consent was obtained from a legal representa-
tive of each donor.

Laboratory Assessments
Islet autoantibody assays, serum C-peptide levels, and high-
resolution HLA genotyping were performed as previously
described (14–16). Islet autoantibodies were measured by
radioimmunoassay against all four major T1D-associated
autoantigens (GADA, IA-2A, ZnT8A, and IAA) in all but
one donor, in whom T1D was diagnosed at 10.7 years
of age and who had diabetes for a duration of 6 years
(nPOD 6062). Of note, after institution of insulin ther-
apy for T1D, IAAs could not be distinguished from

antibodies induced by insulin injections, so IAAs were
excluded from autoantibody counts for the donors in the
T1D subgroup in Table 1 and Supplementary Tables 1 and
3 (19).

Insulitis Screening and Insulitic Islet Subtyping for
Insulitis Frequencies
Pancreata were processed to formalin-fixed paraffin blocks
for each pancreas region (head, body, and tail) as previously
described (20). For each donor, serial sections (average two
blocks per region) were stained by hematoxylin-eosin and
two double-immunohistochemistry (IHC) stains (Ki67 and
insulin, CD3 and glucagon) (Supplementary Table 2) (21).
When insulitic islets were found in a given donor, addi-
tional blocks were screened (as detailed below). Stained
sections were scanned at 320 magnification using an
Aperio CS scanner (Leica/Aperio, Vista, CA), and all images
were stored in an online pathology database (eSLIDE;
Leica/Aperio).

Screening for insulitic islets was performed on CD3+

glucagon–stained sections. An islet was defined as $10
a-cells. Insulitis was defined as an islet with six or more
CD3+ cells immediately adjacent to or within the islet with
three or more islets per pancreas section, according to
recent criteria (4). Islets with insulitis were marked in
an image layer using ImageScope software (Leica/Aperio).
The two IHC serial images were aligned using the synchro-
nization tool, and insulin+ islets were also marked on the
image layer. All islets/sections from donors with insulitis
were subsequently subtyped as follows: 1) insulin+ CD32,
2) insulin+ CD3+, 3) insulin2 CD3+, and 4) insulin2 CD32

(see Table 1 for numbers of islets analyzed). Then, all
islets were counted by subtype. The process was reversed
for AAb+ donors (i.e., islet subtypes were counted using
the Ki67-insulin image after markup for CD3+ insulitic
islets and insulin2 islets using the CD3-glucagon image).
The number of pancreas sections subtyped for insulitis
ranged from 2 to 16 sections/donor (8.1 6 4.1 sections/
donor, n = 162 sections) (Table 1). The lowest number of
available sections was due to partial pancreas recovery (tail
only in nPOD 6198).

Insulitis frequency (percent) was calculated as the
total number of insulitic islets (sum of insulin+ CD3+

and insulin2 CD3+ islets) divided by the total number
of islets (sum of four subtypes). The frequency of in-
sulin+ insulitic islets in relation to the total number of
insulin+ islets was determined by the ratio of (insulin+

CD3+ islets)/(sum of insulin+ CD32 and insulin+ CD3+

islets) with similar calculations for the frequency of
insulin2 insulitic islets (insulin2 CD3+)/(sum of insulin2

CD3+ and insulin2 CD32).

Insulitis Leukocyte Phenotyping
Paraffin sections from blocks having the maximum
insulitis frequency for each donor were stained, and
positive leukocytes/insulitic islets (six or more CD3+ cells)
were counted using multi-immunofluorescence. Serial sec-
tions (4 mm) were dewaxed and rehydrated with Tris
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buffer. Heat-induced antigen retrieval was performed using
Trilogy (Cell Marque, Rocklin, CA) at 95° for 20 min fol-
lowed by rinsing in water for 20 min. The staining series
was designed to phenotype leukocytes (total leukocytes
[CD45], T [CD3] and B [CD20] lymphocytes, T-lymphocyte
subsets [CD4 and CD8], and monocytes [dendritic cells
(CD11c) and macrophages (CD68)]) (21) in conjunction
with subtyping islets for insulin immunopositivity. The
staining series was as follows: 1) CD45+glucagon+insulin,
2) CD20+CD3+glucagon, 3) CD8+CD4+glucagon, and 4)
CD11c+CD68+insulin. Chromogranin A staining was also
used to delineate endocrine cells. Antigens are listed in
order of primary antibody incubation, and the corre-
sponding secondary antibody and conjugated fluoro-
chrome (AF488-AF555-AF647) (Supplementary Table 2).
After blocking, sections were sequentially incubated with
the primary antibody followed by the appropriate second-
ary antibody. For anti-CD4, a Cy3 Tyramide Signal Am-
plification Kit (PerkinElmer, Waltham, MA) was used
according to the manufacturer’s instructions. All sections
were mounted with ProLong Gold Antifade mounting me-
dia containing DAPI (Life Technologies, Grand Island, NY).
Positive controls included human spleen, tonsil, and do-
nor intrapancreatic lymph nodes, and negative controls
included omission of the primary antibody.

The numbers of leukocytes/insulitic islets were de-
termined using multichannel image acquisition software
on a Zeiss Axiophot microscope (AxioVision; Carl Zeiss
Inc., Thornwood, NY). Fluorescent channels were viewed
in combination with DAPI to count the number of positive
leukocytes/islet.

b-Cell and a-Cell Area and Mass
Insulin- and glucagon-immunopositive areas were deter-
mined using the IHC sections to estimate b-cell and a-cell
areas, respectively, in relation to total tissue area using a
single Aperio colocalization algorithm (22). An average of
six sections was used per donor (two sections/head, body,
and tail regions). The b-cell and a-cell areas were
expressed as a ratio (percent) to the total sectional area,
including acinar and interstitial regions, to permit the use
of pancreata weights. The average b-cell and a-cell area
per pancreas was calculated from regional area averages.
The b-cell or a-cell mass (in milligrams) was calculated by
multiplication of the respective average area and pancreas
weight (in grams).

Statistical Analysis
Numbers and percents were reported for all categorical
factors, the mean (6SD, n = number of donors unless
noted in figure legend) was reported for normally distrib-
uted continuous variables, and the median (minimum,
maximum) was reported for continuous variables with a
skewed distribution. Donor characteristics were analyzed
using a Satterthwaite-corrected t test if continuous and
parametric, a Kruskal-Wallis test if continuous and non-
parametric, a Pearson x2 test if categorical values in all
cells exceeded 5, or a Fisher exact test if categorical values

in one or more cells were,5. P values were not calculated
if values from two or more cells were equal to 0. Donor
characteristics were correlated to insulitis frequency, and
leukocyte subtype numbers/islets were correlated to other
subtypes by Spearman correlation and plotted with linear
regression lines. Data were analyzed with the exclusion of
the AAb+ donors with insulitis due to the small sample
size (n = 2).

To obtain a subset of T1D donors and to compare
clinical characteristics in the presence or absence of
insulitis, a selection of controls for all 18 T1D insulitis
cases was attempted using a 1:1 ratio to identify the single
best match. A matching method was used to minimize
bias in lesion effect estimates from key covariates (i.e., age
at diabetes onset, sex, ethnicity, and BMI). A propensity
score, given the selected covariates, was calculated for
all T1D donors (23). The logit of the propensity score
was used to match donors without insulitis to those
with insulitis. A randomly sorted nearest-available-
neighbor matching method without replacement was
used with an optimal caliper width equal to 0.20 SD
of the logit value (0.15), as has been shown to be opti-
mal (24), along with an SAS Software (SAS Institute,
Cary, NC) macro (25,26). All reported P values are
two-tailed and significant if ,0.05. All analyses were
performed using GraphPad Prism version 5.00 for Win-
dows (GraphPad Software, San Diego, CA) or SAS Soft-
ware version 9.3.

RESULTS

Insulitis Screening in Donors With T1D and AAb+

Donors With No Diabetes
A total of 159 pancreata were reviewed for insulitis (no
diabetes [n = 61 AAb2; n = 18 AAb+]; n = 80 T1D) (Sup-
plementary Table 1). Insulitis was observed in 18 T1D
donors (18 of 80 donors, 23%) and 2 AAb+ donors (2 of
18 donors, 11%). Variability in the lobular distribution of
insulin+ islets and insulitic islets was high in donors with
T1D (Fig. 1A–D). In AAb+ donors with insulitis, insulitis
was primarily observed in insulin+ islets (Supplementary
Fig. 1). The number of CD3+ cells/islet varied in a given
donor, irrespective of islet insulin immunopositivity or
size, and CD3+ cells were observed diffusely infiltrating
islets, in variously sized aggregates, or both (Fig. 2 and
Supplementary Fig. 2).

All 18 donors with T1D and insulitis had insulin+ islets
detected in at least one section, while only 5 of 62 donors
(8%) with T1D and no insulitis had insulin+ islets. Insu-
litis was found in 509 of 1,525 insulin+ islets (33%) and in
379 of 17,718 insulin2 islets (2%) in donors with T1D
(Table 1). In AAb+ donors with insulitis, the opposite was
found; insulitis affected 167 of 4,297 insulin+ islets (4%)
and 8 of 30 insulin2 islets (27%). Insulitis was found in
T1D donors ranging in age from 3 to 26.2 years (mean age
13.36 6.5 years) at disease onset and with disease durations
of 0–12 years (mean duration 4.6 6 3.4 years) (Table 1).
The highest insulitis frequency (10.6%) was observed in a

722 Insulitis and Type 1 Diabetes Diabetes Volume 65, March 2016

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0779/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0779/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0779/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0779/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0779/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-0779/-/DC1


13-year-old who presented with DKA at disease onset
(nPOD 6228). The lowest insulitis frequency (0.3%) was
observed in a 12-year-old who had T1D for 9 years
(nPOD 6264). The two AAb+ donors with insulitis had mul-
tiple autoantibodies and were 22 and 23 years old (Table 1).
The AAb+ donors had insulitis frequencies (1.4%, 6.4%)
within the range observed for donors with T1D; few
insulin2 islets, with or without insulitis, were observed
in these donors.

The percent of islets with insulitis (insulitis frequency)
was tested for a correlation with diabetes duration.
Insulitis frequency showed a low, yet significant, inverse
relationship to diabetes duration, whereas age at onset or
demise did not (Fig. 3).

Correlation of Insulitis Prevalence With Diabetes
Duration
Because past studies reporting insulitis primarily examined
young donors with T1D within a year of onset, the
prevalence of donors with insulitis was analyzed in this
study using similar criteria (6). All four donors with recent-
onset T1D (duration #1 year) had insulitis; three of four
donors were,15 years of age at disease onset (Table 2). In
donors with disease durations .1 year, insulitis was found
in 7 of 51 donors (14%) who were ,15 years of age at
disease onset and in 7 of 24 donors (29%) who were $15
years of age at disease onset. Using 12 years of diabetes

duration as the cutoff, the prevalence of insulitis was 45%
in donors (18 of 40 donors) with T1D.

To further define other potential clinical variables as
they relate to insulitis, 15 T1D donors with insulitis were
matched for age at onset, ethnicity, sex, and BMI with 15
T1D donors without insulitis (Supplementary Table 3; in
three cases, no matches were found and thus were ex-
cluded). Diabetes duration was significantly shorter in
T1D donors with insulitis versus those without insulitis
(5 vs. 14.5 years, respectively). Correspondingly, donors
with insulitis were significantly younger at demise com-
pared with matched donors without insulitis (20 vs. 27.6
years, respectively). Interestingly, islet autoantibody num-
bers were not different between the matched T1D donors.
Hospitalization durations were not significantly different
in this matched subset and ranged from a mean of 3.2 to
3.7 days across all donor groups (Supplementary Tables 1
and 3). Correlation of DKA during the hospitalization
showed a significantly higher proportion of donors with
insulitis (7 of 15 donors, 47%) versus those without insu-
litis (1 of 15 donors, 7%, P = 0.04).

Infiltrating Leukocytes Have Similar Proportions of B
and T Cells and T-Cell Subsets, and Numbers Were
Proportional to Insulitis Frequency
Infiltrating leukocytes in insulitic islets were examined
by multi-immunofluorescence on serial sections (Fig. 4).

Figure 1—Lobular variability in insulin+ islets and insulitis. Islets were imaged from a 13-year-old patient with T1D for 5 years (nPOD 6243).
Serial paraffin sections were stained for Ki67 plus insulin (INS) (A, C, and E) and CD3 plus glucagon (GCG) (B, D, and F ), and islets were
subtyped as described in RESEARCH DESIGN ANDMETHODS. Five insulin+ islets (A) are seen in a lobule adjacent to a lobule with two insulin2 islets
in the patient with T1D (A and B, blue arrows). Three insulin+ islets had insulitis (B, black arrows), and both insulin2 islets did not have
insulitis. One of the insulin+ islets with insulitis is shown at higher magnification (C and D) as well as an insulin2 insulitis2 islet (E and F ). Few
islet cells were Ki67+ (A and C), indicating no effect of insulitis on proliferating cell numbers. Scale bars: A and B, 500 mm; C–F, 50 mm.
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Mean numbers of CD45+ cells/islet in each donor were
significantly correlated to mean numbers of both T cells
(CD3+) and B cells (CD20+) per islet (Fig. 5). Absolute
numbers of CD3+ and CD20+ cells varied between islets
in a given donor, depending on the nature of the in-
filtrate (e.g., diffusely associated with islet, aggregate,
and mixture). The numbers of both CD3+ and CD20+

cells appeared independent of islet insulin immunopo-
sitivity and diabetes duration (Supplementary Figs. 2
and 3). The numbers of CD3+ cells were significantly cor-
related with the numbers of CD8+ and CD4+ cells/islet (Fig.
5B). Leukocyte numbers per islet were also plotted for both
donor groups with insulitis, and high variability was ob-
served, particularly for CD45+, CD3+ and CD20+ (Fig. 5C).
This variability was also seen in the AAb+ donors without
diabetes (Fig. 5C). Five donors had insulitis aggregates

with .50 CD3+ cells/islet; four were donors with T1D
who were all ,12 years of age but had widely varying di-
abetes durations (nPOD 6209, 6243, 6052, and 6070), and
one was an AAb+ donor without diabetes (nPOD 6267).

We also tested whether the numbers of leukocytes
per islet were correlated with insulitis frequency, and
found significant correlations with the numbers of
CD45+, CD3+, CD20+, CD8+, and CD4+ cells per islet,
but not for the numbers of CD68+ and CD11c+ cells per
islet (Supplementary Fig. 4 and Supplementary Table
4). Because of the variability between islets in the
numbers of leukocytes per insulitic islet, we also tested
whether a ratio of markers (CD3+ cells/sum of CD3+

and CD20+ cells) would normalize interislet variability
but found no significant correlation to insulitis fre-
quency (Supplementary Fig. 4).

Figure 2—Heterogeneity of islet b-cells and the numbers of CD3+ cells in insulitic islets in young donors at diabetes onset and after 5 years
of disease duration. Representative islets were imaged for a 13-year-old at diabetes onset (nPOD 6228; A–F ) and for another 13-year-old
with T1D for 5 years (6243; G–L). Serial paraffin sections were stained using dual-IHC (Ki67 plus insulin [INS], CD3 plus glucagon [GCG]), as
described in RESEARCH DESIGN ANDMETHODS. Decreasing proportions of b-cells are shown in different islets from both donors (A–C and G–I) as
well as heterogeneity in numbers of CD3+ cells per islet (D–F and J–L). Heterogeneity in CD3+ counts between two insulin2 islets of similar
sizes is also shown for one donor (K and L). Scale bars: A–F, H, and K, 50 mm; G, I, J, and L, 100 mm.
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b-Cell and a-Cell Mass and Insulitis
Pancreata weights were variable in donors without di-
abetes: 71.1 6 24.2 g (n = 49) in AAb2 donors, 70.7 6
28.0g (n = 15) in AAb+ donors without insulitis, and
60.7 6 17.9 in two AAb+ donors with insulitis (Fig. 6A).
As anticipated, both donor groups without diabetes
(AAb2 and AAb+) showed increasing pancreas weight af-
ter age 4 years up to

e

30 years (Supplementary Fig. 5A
and B). Donors with T1D had a significantly lower mean
pancreas weight (39.51 6 17.9 g no insulitis, n = 60;
33.8 6 12.9 g with insulitis, n = 16) compared with do-
nors without diabetes (Fig. 6A). Pancreata weights were
decreased at all ages in donors with T1D compared with
donors without diabetes (Supplementary Fig. 5C).

b-Cell area was also variable in donors without diabe-
tes: 1.18 6 0.71% for AAb2 donors (n = 57) and 0.67 6
0.38% for AAb+ donors without insulitis (n = 16) (Fig. 6B).
The two AAb+ donors with insulitis had a mean b-cell area
of 2.26 6 0.4%. As expected, significant reductions in
b-cell area were observed for donors with T1D compared
with those for donors without diabetes (Fig. 6B). b-Cell
area was also significantly different between the two do-
nor groups with T1D (0.02 6 0.05% no insulitis, n = 54;
0.15 6 0.17% with insulitis, n = 18) (Fig. 6B).

The mean b-cell mass was 797 6 523 mg for AAb2

donors (n = 45) and 448 6 268 mg for AAb+ donors
without insulitis (n = 15) (Fig. 6C). b-Cell mass was
1,407 6 649 mg in the two AAb+ donors with insulitis.
b-Cell mass was decreased in donors with T1D, regardless
of insulitis status, compared with those without T1D; how-
ever, b-cell mass was significantly higher in T1D donors
with insulitis (47.96 53.4 mg, n = 17, P, 0.05) compared
with those without insulitis (5.5 6 10.1 mg, n = 53) (Fig.
6C). The mass of b-cells from five donors without diabetes
(three AAb2, two AAb+) overlapped with the highest values
for b-cell mass in donors with T1D and insulitis due to low
pancreas weight (3) or low b-cell area (2). Estimated b-cell
mass was further tested for correlation with insulitis fre-
quency, but no association was found (Supplementary Fig.

6A, P . 0.05). Similarly, we compared b-cell mass to T1D
duration and age at onset to determine whether insulin
mass was greater in donors with shorter diabetes durations
or younger donors; again, no significant associations were
found (Supplementary Fig. 6B and C, P . 0.05).

In marked contrast to differences in b-cell area and
mass, a-cell area and mass were not significantly different
between groups (Fig. 6D and E). The mean a-cell area was
0.73 6 0.45% in AAb2 donors (n = 57), 0.62 6 0.44% in
AAb+ donors without insulitis (n = 16), 1.37 6 0.04% in
AAb+ donors with insulitis (n = 2), 1.04 6 0.84% in do-
nors with T1D and no insulitis (n = 57), and 1.37 6
0.62% in donors with T1D and insulitis (n = 17). The
mean a-cell mass was 495 6 320 mg in AAb2 donors,
402 6 428 mg in AAb+ donors without insulitis, 827 6
224 mg in AAb+ donors with insulitis, 396 6 377 mg in
donors with T1D and no insulitis, and 513 6 375 mg in
donors with T1D and insulitis.

Influence of HLA on Insulitis
Donors with T1D had a higher frequency of DRB1*03:01-
DQB1*02:01 or DRB1*04-DQB1*03:02 genotypes (DR3/
DR4) compared with AAb2 or AAb+ donors (35.9% vs.
0%, P , 0.0001 and P = 0.0012, respectively). HLA DR3/
DR4 frequencies were not different when comparing the
matched donors within the T1D group, with and without
insulitis (Supplementary Table 3). The DRB1*1501-
DQB1*0602 haplotype was very rare and considered pro-
tective for T1D. The overall frequency of this haplotype in
AAb2 donors (25%) was similar to the general U.S. Cauca-
sian population (22%) (27). This haplotype was found in
four AAb+ donors with single autoantibodies and in none of
those with multiple autoantibodies. In the T1D donors, only
one had the DRB1*1501-DQB1*0602 haplotype, and, quite
interestingly, this donor also had insulitis (nPOD 6195).

DISCUSSION

The concept of insulitis has been the subject of previous
reports; however, this study is the first to report insulitis

Figure 3—Insulitis frequency in relation to diabetes duration and donor ages at demise or disease onset. The insulitis frequency (%, total
number of insulitic islets/total number of islets) is shown on the y-axis in comparison with years for diabetes duration (A), age at T1D onset
(B), and age at demise (C). Data were displayed (pink) for the two AAb+ donors with insulitis for age at demise but were excluded from
statistical analyses because of the small sample size. Insulitis frequency (%) had a low but significant correlation to diabetes duration, but
not to donor age at demise or disease onset. The linear regression line with Spearman r and P values are shown.
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frequency, leukocyte subtypes, pancreatic weights, and
b-cell and a-cell mass in organ donors encompassing the
entire natural history of T1D (i.e., preclinical phase [no
diabetes, islet autoantibody positive] as well as acute and
chronic phases]. Beyond this, the current study is large,
used standard operating procedure–driven protocols,
and used only high-quality tissues. As a result, we be-
lieve the results noted herein provide much in the way
of new information as well as validating, or refuting,
past observations.

Insulitis was defined by the presence of six or more
CD3+ cells/islet and three insulitic islets/section (4). Over-
all, insulitis was identified in 18 of 80 donors with T1D
(23%) and 2 of 18 AAb+ donors without diabetes (11%).
Notably, the numbers of donors with insulitis (insulitis
prevalence) was higher for older donors and for longer
disease durations in both young and older patients than
reported using a meta-analysis of existing studies (6).
Historically, insulitis prevalence has been reported in
51% of patients (41 of 81 patients) with disease duration
of #1 year, compared with only 3% of patients (4 of 132
patients) with durations.1 year (6). As shown in Table 2,
we observed an insulitis prevalence of 100% (4 of 4 do-
nors) in donors with T1D durations of #1 year and 19%
(14 of 75 of donors) in donors with durations of .1 year.
We also observed a high proportion of donors with insu-
litis for diabetes durations up to 12 years (18 of 40
donors, 45%). At the same time, our overall insulitis
prevalence of 23% (18 of 79 donors) in donors with
T1D compares well with the overall insulitis prevalence
rate of 21% (45 of 213 donors) from former studies (6).
Heterogeneity in the distribution of insulitic islets
could partly explain the lower detection rates from
former studies using autopsy collections or biopsy spec-
imens because fewer blocks and pancreas regions could
be tested per patient (5,7).

Studies by Oram et al. (11) and several others (28–30)
support the persistence of b-cells in patients with long-
standing T1D. Our data also show the persistence of
b-cells in donors with T1D, with and without insulitis,
up to 12 years after disease onset. Although other inves-
tigators have also reported insulin+ islets without insulitis
in patients with T1D, few have emphasized that insulin2

islets are also involved in the insulitic process (reviewed in
Gepts [31]). The proportions of insulin+ and insulin2

insulitic islets in our study (33% insulin+, 2% insulin2)
were similar to those reported by Foulis et al. (5) and
others (32) (28–35% insulin+, 1–5% insulin2). Persistent
insulitis after the loss of b-cells could imply the presence
of degranulated and/or dedifferentiated b-cells, unde-
tected by these methods, or, alternatively, the spread of
autoimmunity or “innocent bystander” effects on other
endocrine cells. Prospective studies demonstrated that
the appearance of multiple islet autoantibodies is usually
sequential rather than simultaneous and that their num-
ber (two or more) is a strong predictor of progression to
T1D (1). Herein, insulitis was observed in two of five
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donors (40%) with multiple autoantibodies, a finding that
is similar to that in the study by In’t Veld et al. (7), in
which insulitis was detected in two of seven donors (29%)
with multiple autoantibodies. Of note, the AAb+ donors
with insulitis in our study were younger (21 and 22 years
of age compared with 46 and 52.5 years of age), and the
entire pancreas was available for study compared with the
former study of biopsy material. Interestingly, all four
donors showed similar insulitis frequencies (1.4–6.4%,
3–9%) and normal b-cell mass, and all four donors had
the autoantibody combination of GADA+ and IA-2A+.

Another novel aspect of our study is in showing
similarities between the preclinical and clinical phases
of T1D in the leukocyte subtypes in insulitic islets and
independent of the presence of residual b-cells. Both
phases were characterized by diffuse and/or focal aggre-
gates and varying numbers of leukocytes/islet within and
between donors. Several studies (7,30,32–38) have shown
a predominance of CD8+ T lymphocytes and macrophages
in insulitic islets. The defining study was considered to
be that of Willcox et al. (32), using 29 patients from the
Foulis collection (5), and reexamination of 21 patients
from the Foulis collection with two nPOD donors (6052
and 6113) was recently reported by Arif et al. (39). In
the former study, insulitic islets were ranked by both
insulin percentage and immune cell numbers (n = 279
insulitic islets), whereas only insulin+ islets were evalu-
ated in the latter study. All leukocytes were significantly
reduced in insulin2 islets (32). In marked contrast, our

study found that CD45+, CD3+, CD20+, and T-cell sub-
sets increased linearly with the numbers of insulitic
islets (insulitis frequency), irrespective of islet b-cells.
Potential differences between studies may result from
differences in age or disease duration or in technical dif-
ferences in methods.

An intriguing hypothesis by Skog et al. (40) proposed
that ascending infection through the pancreatic ducts
could result in insulitis due to the greater susceptibility
of b-cells compared with other endocrine cells. Though
insulitic islets were frequently observed near pancreatic
ducts in this study, no consistent pattern was observed
for the presence of periductal infiltrates and insulitic is-
lets. The heterogeneous leukocyte composition of insulitis
might support this hypothesis if the offending agent (vi-
rus or bacterium) or its toxic by-products had minimal
proclivity for ductular epithelial cells.

In the current study, donors with T1D had small
pancreata regardless of age or disease duration. Pancreata
weights were not different between AAb2 or AAb+ donor
groups without diabetes and are similar to the age-related
changes reported in normal pancreas volume by Saisho
et al. (41). Our current findings contrast with those of
our previous report (42) using a subset (n = 8) of the 18
AAb+ donors in this study. In our first study, all donors
were .18 years of age and excluded if pancreatitis was
noted in the medical chart or was discovered by histopa-
thology. Age or pancreatitis exclusion criteria were not
used in the current study. Because it is difficult to predict

Figure 4—Insulitis leukocyte subtyping by multiple immunofluorescence. Serial sections of an islet with insulitic aggregate from
a 5-year-old donor with T1D for 4 months (nPOD 6209) were imaged. The numbers of leukocytes/islet were counted for total leuko-
cytes (CD45, A), B and T lymphocytes (CD20 and CD3, B), T-lymphocyte subsets (CD8 and CD4, C ), and dendritic cells and
macrophages (CD11c and CD68, D) as described in RESEARCH DESIGN AND METHODS. Islet endocrine cells were identified using glucagon
(GCG) and insulin (INS) stains. The merged images (A–D) include DAPI-stained DNA, and the individual fluorescence channels are
shown below the merged images. Scale bars: 50 mm.
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when organ donors with multiple AAb+ could progress to
T1D, pancreas size loss in the natural history of T1D
might be best studied in longitudinal clinical trials of
AAb+ subjects by noninvasive radiography (43,44). Be-
yond this, the notion of pancreatitis in individuals with
T1D is of evolving interest, given the histopathological
findings of multifocal CD3+ infiltrates in acinar regions
of donors with T1D. Indeed, Rodriguez-Calvo et al. (45)
reported an increased number of exocrine CD8+ T cells in
nPOD donors with T1D and type 2 diabetes.

Reports indicate marked variability in b-cell area or
mass in normal adults, with adult levels reached by 5
years of age (17,18,46,47). Indeed, some donors without
diabetes (both AAb+ and AAb2) exhibit b-cell mass within
the range observed for T1D donors. Reasons for this
heterogeneity are unknown but could result from host
genetic and environmental factors, including in utero
and neonatal periods when b-cell mass is increasing.

Rising rates of obesity could also account for some vari-
ability. Our b-cell area and mass data are in agreement
with past literature that also reported high variability in
both measures of islet b-cell content. For instance, our
mean control b-cell area (1.2%) was similar to that report-
ed in children and young adults by Meier et al. (18) (1.7%
[age range 5.7–15 years of age], 1.3% [18.5–21.5 years of
age]), as well as that reported by In’t Veld et al. (7) in
AAb+ donors without diabetes (mean relative b-cell area
of 1.2% [0.51–2.61 years of age]). In the report by In’t
Veld et al. (7), comparison of b-cell areas and mass in
AAb+ and AAb2 donors did not show a significant differ-
ence. Two other groups (48,49) have also reported normal
b-cell mass in patients with autoantibodies. Interest-
ingly, b-cell mass in five donors without diabetes was
in the upper range found for donors with T1D and
insulitis and was related to young donor age, low pan-
creas weight, and/or low b-cell area.

Figure 5—Leukocyte numbers increase in parallel with CD45+ and CD3+ numbers but are heterogeneous between islets. Numbers of
CD45+, CD3+, CD20+, CD8+, and CD4+ cells were counted for each insulitic islet and averaged per donor (n = 13 donors with T1D, 2–10
islets/donor). Data were also displayed (pink) for each leukocyte marker for the two AAb+ donors with insulitis for comparison purposes but
were excluded from statistical analyses because of the small sample size. Correlations between the numbers of leukocytes per islet were
performed by Spearman analysis with linear regression lines shown. The numbers of CD45+ cells per islet were significantly correlated with
the numbers of CD3+ and CD20+cells per islet (A). The numbers of CD3+ cells per islet were also significantly correlated with the numbers of
CD8+ and CD4+ cells per islet (B). The numbers of leukocyte subtypes per islet were also analyzed to examine the variability in cell numbers
among all islets for donors with T1D and two AAb+ donors with insulitis, with means depicted by box-and-whisker plots with Tukey test
error bars (nonparametric) (C). Numbers in parentheses following each marker indicate the total number of individual islets analyzed for
each leukocyte marker (CD45) or set of markers. Variability in the overall numbers of leukocytes per islet was observed. The numbers of
leukocytes per islet had similar trends in AAb+ donors without diabetes.
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In terms of potential limitations, it must be empha-
sized that these data were obtained from pancreata of
multiorgan donors with brain death who were subjected
to intensive care procedures. Interpretations of data must
be considered, as posed by In’t Veld et al. (7), in light of
the medications received during critical care and the du-
ration of intensive care (reviewed in the study by Atkinson
[50]). The majority of donors in this study had short
hospitalization durations, yet further studies are needed
to both validate and expand these findings. The computer-
assisted image analysis algorithm used in this study has
inherent limitations, with single minimum and maximum
intensity thresholds applied to all sections. Alternatively,
its unbiased approach using cross-sectional areas of the
entire section could add greater consistency compared
with manual point-counting methods. When studying
organ donors, there is the possibility that the referring/
initial diagnosis provided to nPOD may be of a question-
able nature. To address this, full medical histories are
carefully reviewed by board-certified endocrinologists

and pathologists. Even when histories are limited, we
carefully consider age at diagnosis, BMI, time to insulin
dependence, history of insulin2 dependence, treatment
with oral agents, C-peptide level, HLA level, the presence
of DKA, ketosis, and more.

In sum, the proportion of insulitic islets (insulitis
frequency) in donors with T1D was inversely associated
with disease duration, and not by age at onset, number of
autoantibodies, or HLA genotype. The number of donors
with insulitis (insulitis prevalence) was higher in older
patients and for longer disease durations in both young
and older patients than previously reported. In donors
with T1D, the proportions of insulin+ islets with insulitis
was higher than in insulin2 islets, yet insulin2 islets were
also affected by insulitis, particularly in donors with mul-
tiple AAb+. Insulitic lesions were composed of a mixture
of B and T lymphocytes, the numbers of which increased
with insulitis frequency. The b-cell mass was significantly
higher in donors with T1D and insulitis compared with
donors without insulitis, whereas b-cell mass was similar

Figure 6—Pancreas weight and b-cell area and mass are decreased in donors with T1D. Group means were depicted by box-and-whisker
plots with Tukey test error bars (nonparametric, outliers shown as black circles). Data were displayed (pink) for the two AAb+ donors with
insulitis and were excluded from statistical analyses because of the small sample size (n = 2). Pancreata weights were significantly lower in
donors with T1D compared with AAb2 and AAb+ donors without diabetes, and no difference was detected between donors with T1D based
on insulitis status (A). The b-cell area was significantly lower in both donor groups with T1D compared with AAb2 and AAb+ donors without
diabetes (B). T1D donors with insulitis had a significantly higher b-cell area compared with T1D donors without insulitis (B). The b-cell mass
was similar between AAb2 and AAb+ donors and was significantly different from that in groups of donors with T1D (C ). T1D donors with
insulitis had significantly higher insulin+ b-cell mass compared with T1D donors without insulitis (C). The a-cell area (D) and mass (E) were
not significantly different between groups. *Significantly different from AAb2 and AAb+ donors (P < 0.001). **Significantly different from
AAb2 and AAb+ donors (P < 0.001) and T1D donors without insulitis (P < 0.05).
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between AAb+ donors and AAb2 donors. These data un-
derscore the chronic and heterogeneous nature of insulitis
in individuals with T1D. The presence of insulitis as well
as insulin+ islets several years after diagnosis, and the
limited correlation between insulitis frequency and disease
duration suggest that the chronicity of islet autoimmunity
extends well into the postdiagnosis period. Together with
growing evidence for the chronicity of autoimmune re-
sponses and for the persistence of C-peptide secretion in
patients, even decades after onset, our findings support the
existence of a potentially long window of therapeutic op-
portunity (51,52).
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herein, 43 were previously examined by Coppieters et al. (30) (Supplementary
Table 5).
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