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Summary

Type 1 diabetes results from a T cell-mediated destruction of insulin-
producing pancreatic b cells. Little is known on local factors contributing to
migration of T cells to pancreatic tissue. We recently demonstrated evidence
of viral infection in b cells in several recent-onset type 1 diabetes patients. Islet
inflammation was analysed in a series of new- or recent-onset type 1 diabetic
patients and non-diabetic control subjects. Autoimmune T cell reactivity was
studied in lymphocytes derived from pancreas-draining lymph nodes of one
recent-onset type 1 diabetes patient in partial clinical remission. Insulitic
lesions were characterized by presence of b cells, elevated levels of the
chemokine CXCL10 and infiltration of lymphocytes expressing the corre-
sponding chemokine receptor CXCR3 in all pancreatic lesions of type 1 dia-
betes patients, regardless of enterovirus infection of b cells. CXCR3 and
CXCL10 were undetectable in pancreata of non-diabetic control subjects. T
cells isolated from draining lymph nodes of a recent-onset patient with virally
infected b cells and in clinical remission reacted with multiple islet autoanti-
gens and displayed a mixed interferon (IFN)-g/interleukin (IL)-10 cytokine
pattern. Our data point to CXCL10 as an important cytokine in distressed
islets that may contribute to inflammation leading to insulitis and b cell
destruction, regardless of local viral infection. We demonstrate further pro-
and anti-inflammatory islet autoreactivity, indicating that different adaptive
and innate immune responses may contribute to insulitis and b cell
destruction.cei_4087 338..343
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Introduction

Type 1 diabetes results from a T cell-mediated destruction of
the insulin-producing pancreatic b cells [1]. T cell autoreac-
tivity in peripheral blood of patients can serve as a surrogate
marker of ongoing insulitis [2,3], but detection of circulating
islet autoreactive T cells is hampered by low precursor fre-
quencies and possibly regulatory T cells [4–8]. It is unclear to
what extent peripheral T cell autoreactivity bears relevance
to the pathogenesis of type 1 diabetes. Studies to identify
diabetes-associated T cells in men have been hindered thus
far by the inaccessibility of the insulitic lesions.

In both humans and the non-obese diabetic (NOD)
mouse strain, that develops autoimmune diabetes spontane-
ously, b cell destruction is preceded by leucocyte infiltration
of the pancreatic islets (insulitis). We have demonstrated
recently that T cells isolated from peripheral blood of

prediabetic subjects and reactive against the islet autoantigen
glutamic acid decarboxylase 65 (GAD65) home to pancreatic
tissue and pancreas-draining lymph nodes but not to other
secondary lymphoid tissues when injected into NOD/severe
combined immunodeficiency (SCID) mice [9]. This process
was dependent upon co-injection of human leucocyte
antigen (HLA)-matched antigen-presenting cells and the rel-
evant autoantigenic epitope and was amplified by b cell dis-
tress following pretreatment of recipient mice with low-dose
streptozotocin. These data imply that islet autoreactive T
cells isolated from the circulation of (pre)diabetic subjects
may bear relevance to insulitis and possibly to the b cell
destruction process.

Kent et al. have described oligoclonality of CD4 T cells in
the pancreas-draining lymph nodes of two long-standing
type 1 diabetes patients [10]. This report was the first to
describe immune phenotype and reactivity in draining
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lymphoid tissue that may reflect autoimmune reactivities
associated with the type 1 diabetic lesion, albeit that in the
two reported cases, both insulitis and target b cells were
lacking. The authors suggested further that some of these T
cells responded to insulin peptide. While there is compelling
evidence that insulin serves as a major autoantigen in animal
models of type 1 diabetes [11–14], similar evidence of
immunodominant T cell responses to insulin, rather than
other candidate islet autoantigens, in clinical type 1 diabetes
is circumstantial [6,15,16]. Nevertheless, this seminal study
set the stage for studies on T cell autoreactivity in pancreas-
associated tissues.

In this study we present four cases where whole pancreas
and some pancreas-draining lymph nodes were obtained
from recent-onset type 1 diabetic patients, including one
case of viral infection of pancreatic b cells. Two of these
patients died accidentally, the other two died of brain
oedema as a complication of diabetic ketoacidosis. We exam-
ined these tissues for the presence of islet-specific expression
of proinflammatory molecules involved in lymphocyte
recruitment and for the presence and function of autoreac-
tive T cells in one case where we obtained pancreas-draining
lymph nodes.

Methods

The pancreatic tissues were handled and processed according
to the recommendations of the Pisa Ethics Committee. The
first whole pancreas and pancreas-draining lymph nodes
were obtained from a 24-year-old type 1 diabetic Caucasoid
male donor expressing HLA-A3,A29, B7, B24, DR7 and DR13
(Table 1). Type 1 diabetes was diagnosed 10 months prior to
the car accident that caused his death.At the time of diagnosis,
as well as at the time of the accident, the patient displayed
autoantibodies against GAD, but not against IA-2. One
month prior to the accident, he was in good metabolic control
[glycated haemoglobin (HbA1c) 6·1%], with a low insulin
need (a total of 16 units/day) and with basal circulating
C-peptide level of 1·8 ng/ml. He had no family history of type
1 or type 2 diabetes. Retrospective studies revealed
a selective infection of pancreatic b cells by enterovirus
impairing b cell function. To test whether our observation
was in common with, or distinct from, non-viral autoim-
mune insulitis, we tested an additional series of pancreatic
tissue of new-onset type 1 diabetic cases without evidence of
virus contributing to their b cell destruction [17]. Whole

pancreas was obtained from a 14-year-old female donor
expressing HLA-A2, A25, B8, DR3/3 and DQ2 who died in an
accident 8 months after being diagnosed with type 1 diabetes
(Table 1). At diagnosis, which was accompanied by diabetic
ketoacidosis, she was tested positive for islet cell cytoplasmic
antibodies (ICA) [160 Juvenile Diabetes Foundation (JDF)
units], anti-GAD and anti-IA2 autoantibodies. Glycaemic
control was fairly well maintained with HbA1c levels of less
than 7·5% by approximately 0·4 units/kg of insulin daily.

The third whole pancreas was obtained from a 5-year-old
male donor (HLA-A1, A24, B8, B60, DR3 and DR4) who
died due to severe brain oedema developed after diabetic
ketoacidosis. He was tested anti-GAD, anti-IAA and anti-IA2
autoantibody-positive. The last whole pancreas was obtained
from a 4-year-old female donor, who also died due to severe
brain oedema which developed after diabetic ketoacidosis.
She was tested positive for anti-IA2 and anti-insulin
autoantibodies.

In addition, pancreatic specimens were obtained from five
non-diabetic multi-organ donors (age: 33·2 � 14·4 years;
three male/two female; body mass index: 24·9 � 1·3 kg/m2).

Histochemical studies

Pancreatic specimens were formalin-fixed and paraffin-
embedded for immunohistochemical investigations. Specifi-
cally, islet infiltration by CD3 expressing leucocytes and
insulin content was analysed by immunohistochemistry
using mouse monoclonal antibody against CD3 (Dako Cor-
poration) and guinea pig polyclonal antibody against insulin
(Sigma, St. Louis, MO, USA), employing a labelled
streptavidin–biotin (Dako Italy S.p.A., Milan, Italy) peroxi-
dase method. In addition, monoclonal mouse anti-human
CXCR3 (R&D Systems Europe Ltd, Abingdon, UK), poly-
clonal rabbit anti-human CXCL10 (Dako) and monoclonal
mouse anti-human Fas (CD95) (CH11, mouse IgM; Upstate
Biotechnology, Lake Placid, NY, USA) antibodies were
employed to characterize further ongoing islet inflammation.

Immunology

Immune reactivity to candidate islet autoantigens insulin
(Sigma), GAD65 (Diamyd AS, Stockholm, Sweden), IA-2
(kindly provided by Dr John Elliott, University of Alberta,
Edmonton, Canada) as well as a synthetic peptide of the
insulin B9-23 epitope was tested in leucocytes isolated from
pancreas-draining lymph nodes from donor 1 by T cell
proliferation, as described elsewhere [18] (concentration of
antigens 10 mg/ml). Corresponding cytokine production was
measured by the cytometric bead assay [interleukin (IL)-2,
IL-4, IL-5, IL-10, interferon (IFN)-g, tumour necrosis factor
(TNF)-a; Becton Dickinson Biosciences, San Jose, CA,
USA)], following the manufacturer’s instructions. Data are
given as the mean of triplicates with standard deviations.

Table 1. Patient characteristics.

Donor Age Sex HLA typing

1 24 Male A3,29; B7,44; DR7,13

2 14 Female A2,25; B8; DR3,3; DQ2

3 5 Male A1,24; B8,60; DR3,4

4 4 Female Unknown

HLA, human leucocyte antigen.
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Results

Histology

Immunohistochemical investigations of donor 1 revealed the
presence of insulitis as well as intact islets containing insulin-
positive b cells at the time of death (Fig. 1). Insulitis was
present in 44% of islets studied (n = 75) at the time of death
and was characterized by CD3 expressing T cells (Fig. 1) and
natural killer cells (data not shown); b cells could be dem-
onstrated in the vast majority of pancreatic islets analysed
(86%, n = 150).

Ongoing islet inflammation and active recruitment of leu-
cocytes was confirmed in all donors by in situ detection of
the proinflammatory chemokine CXCL10 (20 of 42 positive
islets, Fig. 1c) and its ligand CXCR3 (Fig. 1d). Using immu-
nohistochemistry, electron microscopy, whole-genome ex
vivo nucleotide sequencing, cell culture and immunological
studies, we have demonstrated previously Coxsackie B4
enterovirus infection, specifically in b cells of donor 1 [17].
Insulitic lesions of three new-onset type 1 diabetes patients
without evidence of virally infected b cells showed similar
combinations of CXCL10 production by insulitic b cells and
CXCR3 expression by pancreas-infiltrating lymphocytes that
were absent in pancreatic sections of non-diabetic organ
donors (Fig. 2).

Immunological studies were performed on freshly isolated
and unseparated lymph node cells of the case with viral
infection to study islet autoreactivity in pancreas-draining
lymph nodes. Cellular autoimmune responses as defined
by proliferation and cytokine production were measured
against the candidate islet autoantigens insulin, GAD65 and
IA-2 (Fig. 3). In addition, a synthetic peptide of the insulin
B-chain (aa9-23), that was shown previously to be an immu-

nodominant epitope of insulitic T cells in NOD mice, was
tested [19]. Increased proliferation of autoreactive T cells
isolated from pancreas-draining lymph nodes was measured
directly ex vivo in response to GAD65 compared to medium
alone (P = 0·0006), and to a lesser extent to insulin peptide
(P = 0·012), but not to IA-2 or insulin protein. Islet autoan-
tigens acquired by antigen-presenting cells in vivo and resid-
ing in the pancreas-draining lymph nodes are conceivably
presented to local T cells, which may result in elevated base-
line reactivity as demonstrated by relatively increased
medium values (Fig. 3a).

T cell autoreactivity was accompanied by production of
IFN-g (GAD65) or IL-10 (IA-2) or both (insulin B9-23),
possibly reflecting pathogenic as well as regulatory immune
autoreactivity to islets [6]. The insulin A-chain (aa1-14)
epitope, claimed recently to be recognized dominantly by T
cells from pancreas-draining lymph nodes of long-standing
type 1 diabetes patients, was not yet known at the time of the
patient’s death [10], and was therefore not tested.

Discussion

It is conceivable that pancreas-draining lymph nodes
contain islet immune components that bear relevance to
insulitis and islet destruction. Preliminary evidence of oligo-
clonality and reactivity to insulin peptide in two cases of
long-standing type 1 diabetes exists [10]. The T cell response
to insulin in that study was detected by IL-13 production in
response to high doses (in the millimolar range) of insulin
peptide, but not to whole insulin or proinsulin. In view of
the lack of remaining b cells or insulitis in the latter donors,
it remains unresolved whether the immune reactivity to
insulin described is relevant to the disease onset. Given the
clinical heterogeneity of type 1 diabetes, other candidate

Fig. 1. Histology of islets of Langerhans in

pancreatic tissue obtained from a recent-onset

type 1 diabetes patient with virally infected b
cells during clinical remission. Sections show

the presence of insulin-positive cells (a) and

infiltration of islets with CD3-positive

leucocytes (b). Active leucocyte recruitment

is visualized by expression of the

inflammation-induced chemokine CXCL10 by

stromal cells (c) and its corresponding receptor

CXCR3 on infiltrating leucocytes (d).

(b)(a)

(d)(c)
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antigens such as GAD65, IA-2 or as yet unidentified b cell
proteins should still be considered [16].

Our first case expressed an HLA genotype that does not
particularly predispose to development of type 1 diabetes
[20]. Diagnosis of this disease was, however, corroborated
by the detection of autoantibodies against GAD65 [21].
However, this patient presented unexpectedly with enterovi-
ral infection of pancreatic b cells that may contribute to loss

of immunological tolerance and impaired b cell function
[17]. Despite the presence of intact b cells and insulitis in our
patient, it is not yet possible to determine the degree of
representation of this case in defining immune responses
that are associated with the onset of inflammatory lesions in
the islets of genetically predisposed patients. Furthermore,
studies were performed at a time that the patient’s blood
glucose could be regulated by modest doses of exogenous

Fig. 2. CXCL10 and CXCR3 expression in

histology of pancreatic islets of three new-onset

type 1 diabetes patients and two non-diabetic

control subjects without evidence of viral

infection of b cells.

CXCL10

Pat #1

Pat #2

Pat #3

Cont #1

Cont #2
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insulin, implying that our patient was either in remission
(‘honeymoon’) at the time of his accidental death, or suffer-
ing from a syndrome referred to as latent autoimmune dia-
betes in adults (LADA) [22]. There is no reason to believe
that the pathology of LADA differs from type 1 diabetes in
terms of disease mechanism and manifestation [23]. In fact,
the low insulin requirement and good metabolic control
were accompanied by islet autoreactivity composed of pro-
as well as anti-inflammatory immune responses. We propose
that the immune response described could bear relevance to
disease regulation [6] similar to the pre-onset (peri-insulitis)
stage in NOD mice.

Chemokines are key players in orchestrating lymphocyte
traffic into sites of inflammation. In mice, the CXCL10-
binding chemokine receptor CXCR3 was shown to play a
crucial role in the recruitment of autoaggressive T cells to
pancreatic islets [24,25]. CXCL10 is produced by b cells [24]
and increasingly detectable in serum of newly diagnosed or
prediabetic subjects [26]. Inhibition of CXCL10 homing to
islets prevents autoimmune diabetes in experimental models
[25,27]. CXCL10 production by islets of type 2 diabetes
patients has been described and claimed to impair b cell
function [28]. Our observed CXCL10 and CXCR3 expres-
sion in pancreatic islets of a new-onset type 1 diabetes
patient with enterovirus infection in b cells is strikingly
similar to a very recent report on fulminant diabetes and
enterovirus infection [29]. A role for CXCL10 and CXCR3
was proposed in which enterovirus infection of the pancreas
initiated co-expression of CXCL10 in b cells, attracting
autoreactive T cells and macrophages to the islets via
CXCR3. We described the expression of this particular
chemokine receptor on human autoreactive T cell clones
obtained from peripheral blood samples of (pre)diabetic
individuals and demonstrated their capacity to home to pan-
creatic tissue of NOD/SCID mice after adoptive transfer [9].
In addition, recruited T cells were found to express CXCR3
in situ, suggesting that peripheral blood T cells display the
proper homing receptors, which is an important check-point

for participation in the process of insulitis and also perhaps
in b cell destruction. Indeed, a type 1 diabetes patient-
derived autoreactive CD8 T cell clone against preproinsulin,
which was shown to kill human pancreatic b cells, selectively
expressed CXCR3 [30]. The CXCL10–CXCR3 pathway facili-
tating leucocyte migration to pancreatic islets is active in all
donors, but not in non-diabetic controls. This may provide
the basis for the development of a novel therapeutic target in
type 1 diabetes [24,25,27].

Our report underscores the value of extensive studies on
human insulitis [31–34]. Indeed, the Juvenile Diabetes
Research Foundation has launched an initiative to collect
pancreatic tissue from diabetic donors to facilitate and drive
such studies that are likely to bridge the gap in knowledge on
immune as well as environmental factors contributing to b
cell destruction in human type 1 diabetes (http://www.
jdrfnpod.org/).
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