
Abstract

Aims/hypothesis. Cytokines and chemokines are im-
portant mediators of immune responses due to their
ability to recruit and activate leukocytes. Using micro-
array analysis we observed that rat beta cells exposed
to IL-1β and IFN-γ have increased mRNA levels of
chemokines and IL-15. The aim of this study was to
characterize the expression of IP-10, MIP-3α, fractal-
kine and IL-15 in rat beta cells, human pancreatic is-
lets, and in islets isolated from NOD mice, both dur-
ing the pre-diabetic period and following islet trans-
plantation.
Methods. FACS-purified rat beta cells and human is-
lets were cultured with IL-1β, IFN-γ and/or TNF-α.
Islets were isolated from NOD or BALB/c mice at dif-
ferent ages. For syngeneic islet transplantation, 2- or
3-week-old NOD islets were grafted under the kidney
capsule of spontaneously diabetic NOD recipients.
Chemokine and IL-15 mRNA expression and protein
release were evaluated, respectively, by RT-PCR and
ELISA.

Results. Human islets and rat beta cells express IP-10,
MIP-3α, fractalkine and IL-15 mRNAs upon exposure
to cytokines. The expression of IL-15, IP-10 and fractal-
kine is regulated by IFN-γ, while the expression of 
MIP-3α is IL-1β-dependent. Moreover, cytokines in-
duced IL-15, IP-10, Mig, I-TAC and MIP-3α protein ac-
cumulation in culture medium from human islets. In vi-
vo, there was an age-related increase in IL-15, IP-10 and
MIP-3α expression in islets isolated from NOD mice.
Following syngeneic islet transplantation, increased ex-
pression of IL-1β, IFN-γ, fractalkine, IP-10, MCP-1 and
MIP-3α mRNAs were observed in the grafts.
Conclusion/interpretation. Cytokine-exposed islets or
beta cells express chemokines and IL-15. This could
contribute to the recruitment and activation of mononu-
clear cells and development of insulitis in early Type 1
diabetes and during graft destruction. [Diabetologia
(2003) 46:255–266]
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Insulin deficiency in Type 1 diabetes mellitus results
from an autoimmune destruction of pancreatic beta
cells [1]. Rodent models of Type 1 diabetes, such as
BioBreeding (BB) rats and non-obese diabetic (NOD)
mice, are important tools for the study of Type 1 dia-
betes, since they share many features of the human
disease [2, 3]. In NOD mice, a non-destructive insuli-
tis develops after weaning. Antigen presenting cells
such as macrophages and dendritic cells appear early,
followed by CD4+ (T helper) and CD8+ (cytotoxic)
T-cell and beta-cells [3]. This early insulitis is located
around the islets and it becomes destructive when the
mononuclear cells progressively invade the islets,
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leading to destruction of beta cells and hyperglycae-
mia around 22 weeks of age [2, 3, 4]. Although insuli-
tis is evenly distributed between sexes, prevalence of
diabetes is higher in females than in males [2, 4, 5].
The putative mediators of beta-cell death in NOD
mice include cytokines, such as interleukin-1β (IL-1β)
and interferon-γ (IFN-γ), perforin, free-radicals and
FAS-ligand [3, 6]. The mechanisms involved in the 
attraction of mononuclear cells to the islets, and sub-
sequent beta-cell destruction, are yet to be clarified.
We have previously reported that rat and human 
islet cells, and islets isolated from pre-diabetic NOD
mice, express the monocyte chemoattractant protein-1
(MCP-1) [7, 8]. In subsequent experiments, based 
on microarray analysis, we observed that rat beta 
cells exposed to the cytokines IL-1β and IFN-γ have 
increased expression of mRNAs for the chemokines
interferon inducible protein-10 (IP-10), macrophage 
inflammatory protein-3α (MIP-3α), fractalkine and
the cytokine interleukin-15 (IL-15) [9]. Induction of
several of these chemokines is regulated via activation
of NF-κB [10].

Chemokines are small heparin-binding proteins that
regulate innate and adaptive immune responses by
contributing to the activation of leucocytes [11]. They
are produced by a variety of stimulated cells during in-
flammatory processes, and have been implicated as im-
portant mediators of acute and chronic inflammatory
disorders in man [12]. IP-10 is part of the CXC family
of chemokines, attracting activated T-helper 1 (Th1)
and natural killer (NK) cells expressing the CXCR3 re-
ceptor [13, 14]. IP-10 plays a role in lymphocyte re-
cruitment in autoimmune thyroid disorders [15] and
demyelinating neuropathies [16, 17]. Moreover, high
serum levels of IP-10 are seen in Type 1 diabetic pa-
tients [18]. MIP-3α is a CC chemokine which attracts
memory T-lymphocytes and dendritic cells expressing
the CCR6 receptor [19, 20, 21]. The expression of
MIP-3α is up-regulated in psoriatic skin [22], atopic
dermatitis [23] and rheumatoid arthritis [24] and MIP-
3α is involved in the amplification of local inflamma-
tory responses in the liver [25]. Fractalkine is the sin-
gle member of the CX3C family of chemokines. It is a
unique chemokine since it is located on a membrane
bound mucin stalk and is in transmembrane and solu-
ble shed forms [26]. Fractalkine has adhesive proper-
ties, promoting leukocyte migration and enhancing the
cytotoxicity of NK cells [27] and cytotoxic T-lympho-
cytes [28]. Fractalkine has an important role in cardiac
allograft rejection [29, 30], and it is expressed in
mononuclear cells during renal inflammation [31]. The
cytokine IL-15 is a potent growth factor and activator
of T-cells and NK-cells. It also acts as a T-cell chemo-
attractant and inducer of IFN-γ production by NK-cells
[32]. Available data suggest that IL-15 contributes to
the pathogenesis of inflammatory disorders such as
rheumatoid arthritis, sarcoidosis, chronic hepatitis C
and ulcerative colitis [32].

In the current study we characterized the expres-
sion of IP-10, MIP-3α, fractalkine and IL-15 in rat be-
ta cells and human pancreatic islets exposed to cyto-
kines. Moreover, expression of these chemokines was
evaluated in islets isolated from NOD mice, both dur-
ing the pre-diabetic period and following syngeneic
islet transplantation.

Materials and Methods

Islet cell preparation, culture and exposure to cytokines. Pan-
creatic islets were isolated from adult Wistar rats and C57BL6
mice by collagenase digestion. Rat islet beta cells were puri-
fied by autofluorescence-activated cell sorting (FACS) [33].
Pancreatic islets were dispersed in calcium-free HEPES-
buffered Earle’s medium (EH) containing 1 mmol/l EGTA,
25 µg/ml trypsin and 2 µg/ml DNase. Isolated cells were dilut-
ed in calcium-free EH buffer and filtered through a 63-µm 
nylon screen to remove cell clumps and undigested material.
An isotonic Percoll solution density 1.040 g/ml was layered
underneath the filtrate in order to remove debris and dead cells
during a subsequent centrifugation at 300×g for 6 min. The
Percoll pellet was collected, suspended in 50 ml of Ham’s-F10
medium containing 2 mmol/l glutamine and 0.2% BSA, and
incubated for 20 min at 37°C under 7.5% CO2. After this incu-
bation period the cells were pelleted and suspended in EH con-
taining 2.8 mmol/l glucose and 0.5% BSA and submitted to
FACS sorting (FACStar, Becton-Dickinson, Sunnyvale, Calif.,
USA). An argon laser illuminated the cells at 488 nm, so that
the emission at 510–550 nm could be taken as a parameter for
their flavin adenine dinucleotide (FAD) content. At 2.8 mmol/l
glucose and at 17°C, beta cells had a three-fold higher FAD
fluorescence than single non beta cells, while the light scatter
activity is 50% larger. Selection of an appropriate window al-
lows isolation of single beta cells that are 90 to 95% pure [33].
Beta-cell aggregates and mouse islets were cultured in suspen-
sion at 37°C in Ham’s F10 medium (Invitrogen, Paisley, Scot-
land) [34]. After overnight culture, they were exposed for 6 h
or 24 h to IL-1β and/or IFN-γ, and then harvested for mRNA
extraction (see below). Recombinant human IL-1β (tested at
50 U/ml; 38 U/ng) was the kind gift of Dr. C.W. Reinolds, Na-
tional Cancer Institute, Bethesda, Md., USA and mouse IFN-γ
(tested at 1000 U/ml; 10 U/ng) was purchased from Invitrogen,
Paisley, Scotland. Human islet cells were isolated from pancre-
ases obtained from five adult heart-beating organ donors [8].
The mean donor age (± SEM) was 21±6 years and the islet
preparations contained 70±2% beta cells and 15% alpha cells,
as assessed by immunocytochemistry and electron microscopy
[33, 35]. For the RT-PCR experiments, human islets cells (105)
were cultured in Ham’s F10 medium [36], and exposed for 6 h
or 24 h to recombinant human IL-1β (50 U/ml), recombinant
human IFN-γ (1000 U/ml, Genzyme, Cambridge, USA) and
the iNOS blocker NG-methyl-L-arginine (L-MA, 1.0 mmol/l;
Sigma, Bornem, Belgium), alone or in combinations. For mea-
surements of cytokine or chemokine release by ELISA, human
islets cells (105) were cultured for 72 h with or without recom-
binant human IL-1β (50 U/ml), recombinant human IFN-γ
(1000 U/ml) and recombinant murine TNF-α (1000 U/ml,
Innogenetics, Zwijnaarde, Belgium). The choice of cytokine
and L-MA concentrations are based on our previous data [6, 8,
9]. All experimental procedures described in this and the ses-
sions mentioned below were approved and carried out in ac-
cordance with the Ethics Committees of the Vrije Universiteit
Brussel, Université Libre de Bruxelles, Katholieke Universiteit
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Leuven and the European Hospitals affiliated with the Euro-
transplant Foundation (Leiden, The Netherlands) and β-Cell
Transplant (Brussels, Belgium).

Isolation and transplantation of islets from NOD mice. A colony
of NOD mice has been inbred since 1990 at the Animal Breed-
ing Centre of the Catholic University of Leuven (Belgium) and
these mice were maintained under semi-barrier conditions [37].
At the time of the present experiments, 73% of the female mice
have overt diabetes at 28 weeks of age, while the diabetes inci-
dence was lower in male mice (12%). Insulitis occurs at a simi-
lar age and approximately to the same extent in male and female
NOD mice from our colony [8]. BALB/c mice were purchased
from Harlan CBP (Zeist, The Netherlands) and were used as
non-diabetes-prone control mice.

For mRNA analysis in islets from native pancreases, islets
were prepared from 2- to 12-week-old male and female NOD
mice as well as from 4-week-old male and female BALB/c
mice [38]. Islets were isolated from the pancreas by collage-
nase digestion in cold Hank’s salt solution followed by hand
picking under a stereomicroscope. Islets were frozen in liquid
nitrogen and stored at −80°C until use.

For syngeneic islet transplantation into diabetic NOD mice
(an experimental model for the recurrence of autoimmune 
beta-cell destruction, [38, 39]), 2- or 3-week-old NOD islets
(n=500) were grafted after avertin anesthaesia under the left
kidney capsule of both male and female spontaneously diabetic
NOD recipients, ranging in age from 4 to 6 months. Note that
2- or 3-week-old NOD mice from our colony were normo-
glycaemic and did not have detectable insulitis [8]. NOD islets
transplanted in spontaneously diabetic NOD mice had a mean
survival time of 9.2±2.2 days (range between 8–15 days;
n=15). For syngeneic islet transplantation in a non-diabetic
mouse strain, 2- or 3-week-old BALB/c islets (n=500) were
grafted after avertin anaesthesia under the left kidney capsule
of both male and female BALB/c recipients, ranging in age
from 4 to 6 months. Animals were killed under anaesthesia 8 h
or 6 days (n=4) after transplantation for mRNA analysis of the
islet grafts. Kidney tissue was also retrieved, and utilized here
as “background mRNA expression”. Both islet grafts and kid-
ney tissue were frozen in liquid nitrogen and stored at −80°C
until use.

Analysis of mRNA expression. The selection of RT-PCR, instead
of Northern-blot analysis, was motivated by the limited avail-
ability of primary beta cells. For the experiments with rat beta
cells and human islets mRNA isolation and RT-PCR were car-
ried out as previously described [7, 40]. The number of cycles
was selected to allow linear amplification of the cDNAs under
study. For semi-quantitative PCR, the housekeeping gene glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) was utilized
as controls. We have previously shown [10, 40], that IL-1β and
IFN-γ do not affect GAPDH mRNA expression in primary beta
cells. The primer sequences and their respective PCR fragment
lengths for the human genes were as follows: hIL-15: F 5′-GA-
TGGATGGCTGCTGGAAAC-3′, R 5′-GCATCTCCGGACTC-
AAGTGA-3′ (390 bp); hIP-10: F 5′-CCACGTGTTGAGATC-
ATTGC-3′, R 5′-ACATAGCACCTCAGTAGAGC-3′ (382 bp);
hMIP-3α: F 5′-GTGCTGTACCAAGAGTTTGC-3′, R 5′-GAC-
AAGTCCAGTGAGGCACA-3′ (420 bp); hFractalkine: F 5′-A-
CGCACAGGCGAAAGCAGTA-3′, R 5′-TTCAGACGGAG-
CATTCTCCT-3′ (340 bp); GAPDH: F 5′-CATGTTCGTC-
ATGGGTGTGA-3′, R 5′-AGTGAGCTTCCCGTTCAGCT-3′
(300 bp). The rat primers for GAPDH, IL-15, IP-10, MIP-3α
and fractalkine were as described [9]. The ethidium bromide-
stained agarose gels were photographed under UV-transillu-
mination using a Kodak Digital Science DC 120 camera 

(Kodak, Rochester, N.Y., USA). Abundance of the GAPDH
products were assessed by Biomax 1D image analysis software
(Kodak) and expressed in pixel intensities (OD). The data are
shown as a representative figure for three to five similar experi-
ments.

For the in vivo (NOD and BALB/c mice) and in vitro
(mouse islets) experiments with mouse material, real-time
quantitative RT-PCR analysis of pancreatic islets and syngene-
ic islet grafts was carried out. Total RNA was isolated from
fresh pancreatic islets (n=200) using the High Pure RNA isola-
tion kit (Roche Diagnostics, Indianapolis, Ind., USA) resulting
in DNA-free RNA, while for total RNA extraction from the is-
let grafts and the control kidney tissue TRIzol Liquid Suspen-
sion reagent (Life Technologies, Gaithersburg, Md., USA) was
used. After reverse transcription with Superscript II reverse
transcriptase (Life Technologies), real-time quantitative PCR
was done in the ABI Prism 7700 Sequence Detector (Perkin
Elmer/Applied Biosystems, Foster City, Calif., USA) for 
IL-1β, IFN-γ, IL-15, fractalkine, IP-10 and MIP-3α [41]. PCR
amplification reactions (25 µl) contained 0.5 µl cDNA sample,
2.5 µl 10× TaqMan Buffer A, 200 µmol/l dNTPs, 5 mmol/l
MgCl2, 0.625 U AmpliTaq Gold, 200 to 300 nmol/l of primer-
forward (F) and 200 to 900 nmol/l of primer-reverse (R) 
(Table 1). The reaction also contained the corresponding detec-
tion probe (50 to 100 nmol/l) (Table 1). Each amplification
was carried out in triplicate wells, using the following condi-
tions: 2 min at 50°C and 10 min at 94°C, followed by a total of
45 two-temperature cycles (15 s at 94°C and 1 min at 60°C). A
normalisation to β-actin (in vivo experiments) or GAPDH (in
vitro experiments) as “housekeeping” genes was done for each
sample. The method used for quantification by real time PCR
is the standard-curve method, as described in previous publica-
tions by our group [41, 42].

ELISA. Culture media from human islets exposed for 72 h to
cytokines or control (no cytokines added) conditions were col-
lected and stored at –20°C until analysis by ELISA. Samples
were assayed for human IL-15 and MIP-3α using commercially
available ELISAs (R & D systems, Abingdon, UK, sensitivity
1.9 pg/ml). Human IP-10, Mig and I-TAC were detected in
classical sandwich ELISAs. For IP-10, anti-human IP-10 mono-
clonal antibody (Ab) (R & D systems, Abingdon, UK) was used
for coating, the biotinylated anti-human IP-10 polyclonal Ab 
(R & D systems, Abingdon, UK) was used as capturing anti-
body, the recombinant human IP-10 (Preprotech, London, UK)
was used as standard and peroxidase labelled streptavidine
(Jackson ImmunoResearch, West Grove, Pa., USA) for detec-
tion. For Mig and I-TAC, polyclonal rabbit anti human Ab 
(PeproTech, London, UK) were used for coating, monoclonal
mouse anti Ab (R & D systems, Abingdon, UK) were used as
capturing Ab and peroxidase-conjugated affinity purified goat
anti mouse Ab (Jackson ImmunoResearch, West Grove, Pa.,
USA) were used for detection. The sensitivities of the IP-10,
Mig and I-TAC ELISAs were, respectively, 1.9 ng/ml, 8 ng/ml
and 0.4 ng/ml on 1/10 prediluted samples. All the ELISAs were
specific in that they did not show cross-reactivity with a broad
panel of chemokines, including MCP-1, MCP-2, MCP-3, 
eotaxin, RANTES, MIP-1α, MIP-1β, MIP-3α, PARC, TARC,
GCP-2, ENA-78, GRO-α, GRO-β, GRO-γ, IL-8, SDF-1, IP-10,
Mig, I-TAC, PF-4, CTAP-III and NAP-2 (data not shown).

Statistical analysis. Data are shown as means ± SEM, and
comparisons between groups were carried out by ANOVA fol-
lowed by Student’s t test with the Bonferroni correction. A 
p value of less than or equal to 0.05 was considered as statisti-
cally significant.
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Results

Cytokines induce IL-15, IP-10, MIP-3α and fractal-
kine mRNA in FACS purified rat beta cells and human
islets. IL-1β + IFN-γ led to an early induction of the
mRNAs for IL-15, IP-10, MIP-3α and fractalkine in
FACS purified rat beta cells (Fig. 1) and in human is-
lets (Fig. 2). IL-15 mRNA was induced at 6 h and the
increased expression remained after 24 h exposure to
the cytokines. The main mediator of IL-15 expression
was IFN-γ. The amplification of human IL-15 reverse
transcribed mRNA resulted in two bands (Fig. 2). The
lower and stronger band was confirmed to be specific
for IL-15 by sequencing analysis.

IP-10 expression in human islets followed a similar
pattern as IL-15, with the main stimulatory effect 
mediated by IFN-γ (Fig. 2). IFN-γ induced a clear in-
crease in IP-10 expression at both 6 h and 24 h, with
no synergy between IFN-γ and IL-1β. In rat beta cells
IL-1β led to an early and transitory induction of IP-10,
that declined after 24 h exposure to the cytokine 
(Fig. 1).

The induction of MIP-3α was triggered by IL-1β
alone, but not by IFN-γ, in both human islets and rat
beta cells. Addition of IFN-γ did not modify the effect
of IL-1β (Figs. 1, 2).

We observed a synergistic effect between IL-1β
and IFN-γ in the early (6 h) induction of fractalkine in
both human islets and rat beta cells. This effect per-
sisted after 24 h, but at this time point it was mostly
mediated by IFN-γ, as suggested by similar induction

of fractalkine expression by IFN-γ or IFN-γ + IL-1β
(Figs. 1, 2).

IL-1β + IFN-γ induces the expression of the induc-
ible form of nitric oxide synthase (iNOS) and nitric
oxide (NO) production by both human islets and rat
beta cells ([8, 43], (current data, not shown). NO mod-
ifies the expression of several genes and proteins in
beta cells [10, 44, 45]. The addition of the iNOS in-
hibitor L-MA prevented cytokine-induced NO produc-
tion by the human islets, but did not affect the induc-
tion of mRNAs encoding IL-15 and the chemokines
analyzed (Fig. 2), indicating that induction of IL-15,
IP-10, MIP-3α and fractalkine by cytokines is NO in-
dependent.

To confirm that IL-15 and chemokine expression
occurs in the beta cells, time course experiments were
carried out to analyse cytokine-induced expression of
IL-15, IP-10, MIP-3α and fractalkine mRNAs in the
clonal rat insulinoma cell line (RINm5F cells). The re-
sults obtained at 6, 12 and 24 h were similar to the
findings in rat beta cells (Fig. 1) and, as observed in
human islets (Fig. 2), the iNOS inhibitor L-MA failed
to prevent cytokine-induced chemokine mRNA ex-
pression by RINm5F cells (data not shown).

In additional experiments we evaluated whether 
6-h exposure of mouse islets (C57BL6 mice) to IL-1β
+ IFN-γ leads to IL-15, IP-10 and MCP-1 mRNA ex-
pression. Basal expression (i.e. in the absence of cyto-
kines) for IL-15 and IP-10 were bellow detection lim-
it, while for MCP-1 it was 0.2±0.1 A.U. (arbitrary
units; MCP-1 divided by GAPDH). Upon exposure to
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Table 1. Primer and probe
sequences used in real time
PCR

Sequence 5′-3′ Amplicon length
(bp)

IL-1β F CAACCAACAAGTGATATTCTCCATG 152
R GATCCACACTCTCCAGCTGCA
TP CTGTGTAATGAAAGACGGCACACCCACC

IL-15 F CATCCATCTCGTGCTACTTGTGTT 126
R CATCTATCCAGTTGGCCTCTGT
TPa AGGGAGACCTACACTGACACAGCCCAAAA

IFN-γ F TCAAGTGGCATAGATGTGGAAGAA 92
R TGGCTCTGCAGGATTTTCATG
TPa TCACCATCCTTTTGCCAGTTCCTCCAG

Fractalkine F GGGTGGCCATGTTTGCTTAC 140
R CAGGCAAGCAGCTCACACTG
TP TCCCCCGTAGCTGTGGCAGTAACTCAT

MIP-3α F CCAGGCAGAAGCAAGCAACT 96
R TCGGCCATCTGTCTTGTGAA
TP TGTTGCCTCTCGTACATACAGACGCCA

IP-10 F GCCGTCATTTTCTGCCTCAT 127
R GCTTCCCTATGGCCCTCATT
TP TCTCGCAAGGACGGTCCGCTG

β-actin F AGAGGGAAATCGTGCGTGAC 138
R CAATAGTGATGACCTGGCCGT
TP CACTGCCGCATCCTCTTCCTCCC

a antisense probe



cytokines the values were (cytokine/GAPDH) MCP-1
1.3±0.2 A.U. (n=3), IP-10 0.9±0.2 A.U. (n=3), IL-15
1.1±0.1 A.U. (n=2). Thus, and as observed for rat and
human islet cells (see above), IL-1β + IFN-γ also in-
duces chemokine and IL-15 mRNA expression by iso-
lated mouse islets.

Human islets secrete chemokines and IL-15 after cyto-
kine exposure. To evaluate whether cytokine-induced

expression of IL-15, IP-10 and MIP-3α is associated
with protein synthesis and release, human islets were
cultured with different cytokines for 72 h and medium
protein accumulation was measured by ELISA (Fig. 3).
Human islets released IL-15 under control conditions
(no cytokine added). In agreement with the mRNA 
data, incubation with IFN-γ alone lead to an increase in
IL-15 accumulation in the medium. Combinations of
2–3 cytokines further increased IL-15 release by the 
islets (Fig. 3).

IP-10 protein was not detected in the medium of 
islets exposed to control conditions, but exposure to
IFN-γ induced a large production of IP-10. IL-1β or
TNF-α alone did not induce IP-10 release, but these
cytokines potentiated the effects of IFN-γ, nearly dou-
bling the amount of IP-10 released in the medium. Com-
binations of the three cytokines resulted in a maximal
production of IP-10 (Fig. 3). Two other ligands for the
IP-10 receptor CXCR3, namely IFN-Inducible T-cell α
Chemoattractant (I-TAC) and Monokine Induced by
IFN-γ (Mig) [46] were also assessed. Mig and I-TAC
protein were below the detection limit in the medium of
control islets or islets treated with IL-1β and/or TNF-α,
but islets exposed to IFN-γ released 13.5 ± 1.2 ng/ml of
Mig and 1.2 ± 0.4 ng/ml of I-TAC (p<0.01 vs controls,
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Fig. 1. Cytokines induce an early expression of mRNA for IL-15
and the chemokines IP-10, MIP-3α and fractalkine in rat purified
beta cells. Rat beta cells (5×104 cells/condition) were cultured for
6 or 24 h in control condition (no cytokines added, white bars),
IL-1β (50 U/ml, grey bars), IFNγ (1000 U/ml, stripped bars) or
IL-1β + IFNγ (black bars). After these time points the cells were
harvested, mRNA extracted and RT-PCR was carried out with
the equivalent of 1.5×103 cells. PCR band intensities were ex-
pressed as OD corrected for GAPDH expression. Data are means
± SEM of five experiments. * p ≤ 0.05, ** p ≤ 0.01, † p ≤ 0.001
vs. corresponding control groups. ANOVA followed by paired 
t-test with Bonferroni correction

Fig. 2. Effects of cytokines and/or the iNOS inhibitor L-MA
on IL-15, IP-10, MIP-3α and fractalkine mRNA expression by
human islet cells. Human islet cells (105 cells/well) were cul-
tured for 6 or 24 h with or without IL-1β (50 U/ml), IFN-γ
(1000 U/ml), and the iNOS inhibitor L-MA (1 mmol/l), alone
or in combinations. After these time points the cells were har-
vested, mRNA extracted and RT-PCR was carried out using
specific primers with the equivalent of 1.5×103 cells. The pic-
tures shown are representative of three to four similar experi-
ments



means ± SEM, n=5). IL-1β and/or TNF-α did not po-
tentiate the effects of IFN-γ on I-TAC production, but
the combination of IL-1β + TNF-α + IFN-γ lead to a
higher release of Mig (23.4 ± 4.1 ng/ml) as compared to
IFN-γ alone (p<0.05, n=5). Exposure of human islets to
IL-1β induced a 20-fold increase in MIP-3α release to
the medium and this effect was not modified by TNF-α
(Fig. 3). IFN-γ exerted a strong inhibitory effect on the
production of MIP-3α, reducing its induction by IL-1β
by nearly five-fold (Fig. 3).

Expression of cytokine and chemokine mRNAs in iso-
lated pancreatic islets from pre-diabetic NOD mice.

mRNA expression was analysed by real time RT-PCR
in islets isolated from pre-diabetic NOD mice between
2 to 12 weeks of age. None of the NOD mice used in
this study had glucosuria, and random blood glucose
concentrations at the end of the study did not exceed
125 mg/dl. As an external control, islets from 4-week-
old non-diabetes-prone BALB/c mice were also 
analysed.

There was a progressive increase in both IL-1β and
IFN-γ expression in male and female NOD mice, 
paralleling the early stages of insulitis [8]. Increased
IL-1β was already detectable at 6 weeks of age, pre-
ceeding the rise in IFN-γ (indicating influx of T-lym-
phocytes) at 8 weeks of age (Fig. 4). IL-15 mRNA ex-
pression in islets has a distinct pattern in female and
male mice, although insulitis and evolution of cyto-
kine expression are comparable. Whereas islets from
female NOD mice already have clearly raised IL-15
expression at 6 weeks, males only have a rise in IL-15
from 10 weeks on (Fig. 4). There was no change in
fractalkine expression in NOD islets. Moreover, we
observed a lower fractalkine expression in NOD islets
than in BALB/c islets. Extremely high IP-10 expres-
sion, compared to BALB/c and 2-week-old NOD
mouse islets, were present from 4 weeks on in males
(10-fold compared to 2-week-old NOD mice) and
from 6 weeks on in females (35-fold compared to 
2-week-old NOD mice). IP-10 mRNA contents
peaked at 10 weeks and were already reduced by 
12 weeks (Fig. 4). A clearly different pattern was seen
for MIP-3α, where expression was only found from
10 weeks onwards (Fig. 4), when most mice already
have florid insulitis [8].

Expression of cytokine and chemokine mRNAs in islet
isografts into diabetic NOD mice. Syngeneic islets of
young (2–3 weeks old) insulitis-free non-diabetic
NOD mice were grafted under the kidney capsule of
spontaneously diabetic NOD mice (4–6 months old).
To verify cytokine and chemokine production in syn-
geneic islets of a non-diabetes-prone mouse strain,
BALB/c islets were grafted under the kidney capsule
of adult BALB/c mice. Animals were killed 8 h or 
6 days after transplantation and mRNA analysis of the
islet grafts and kidney tissue (control) was carried out.

An early (8 h) increase in IL-1β was observed in
both NOD and BALB/c islets, probably due to non-
specific tissue damage secondary to islet grafting
(Fig. 5A). IFN-γ expression was comparable to those
in background kidney tissue after 8 h, and did not in-
crease in NOD grafts until 48 h after transplantation
(data not shown), suggesting absence of T-lympho-
cytes in the early hours following transplantation. An
increase in IP-10 expression was observed in both
NOD and BALB/c mice, but IP-10 expression was
nearly 30-fold higher in NOD mice then in BALB/c
mice (Fig. 5A). In addition, NOD mice IP-10 mRNA
was increased eight-fold when compared to kidney
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Fig. 3. Cytokine-induced IL-15, IP-10 and MIP-3α protein 
release by human islet cells. Human islet cells were cultured
for 72 h with or without IL-1β (50 U/ml), IFN-γ (1000 U/ml)
and TNF-α (1000 U/ml), alone or in combinations. The medi-
um was then collected for protein measurements by ELISA.
Samples were measured in duplicate and the data shown are
means ± SEM of four independent experiments. * p ≤ 0.05, 
** p ≤ 0.01 vs. control ; § p ≤ 0.05, §§ p ≤ 0.02 vs. IL-1β; 
# p ≤ 0.05, ## p ≤ 0.01 vs. IFN-γ. ANOVA followed by paired 
t-test with Bonferroni correction



tissue, while in BALB/c this increase was only three-
fold. Similar observations were made for MCP-1,
where a 20-fold induction was observed in islets from
NOD mice when compared to kidney tissue, whereas
only a five-fold increase was detected in BALB/c
mice (Fig. 5A). A similar increase in MIP-3α expres-
sion was present in NOD and BALB/c mice (Fig. 5A).
IL-15 was not changed in both mouse strains and
fractalkine was slightly raised 8 h after transplantation
in NOD mice.

Six days after transplantation the mRNA expres-
sion of cytokine and chemokines returned to basal 
levels in BALB/c mice, except for a persistent and
mild increase in MIP-3α (Fig. 5B). In contrast, NOD

mice had high mRNA contents for IL-1β, IFN-γ,
MCP-1, IP-10 and MIP-3α (Fig. 5B). After 6 days the
heavy infiltration of mononuclear cells in NOD iso-
grafts can also be a source of chemokine/cytokine 
expression.

Discussion

Infiltrating macrophages and auto reactive T-cells par-
ticipate in the destruction of islet beta cells in Type 1
diabetes, mediating the local inflammatory reaction
(insulitis) and contributing to selective beta-cell dam-
age [1, 3, 6]. The type of inflammatory infiltrate char-
acterizing immune-mediated diseases is controlled, at
least in part, by the subgroup of chemokines ex-
pressed in and around the target tissue [11]. Recent
evidence suggests that chemokines could play a role
in the pathogenesis of Type 1 diabetes. FACS-purified
rat beta cells exposed to IL-1β and IFN-γ or to double
stranded RNA have increased mRNA expression for
several cytokines and chemokines including MCP-1,
IP-10, MIP-3α, fractalkine and IL-15 [8, 9, 47], and
transgenic expression of MCP-1 in beta cells leads to
insulitis [48]. These results were intriguing, and sug-
gested that the highly differentiated beta cells would
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Fig. 4. Time course of IL-1β, IFN-γ, IL-15, fractalkine, IP-10
and MIP-3α mRNA expression in isolated islets from diabetes-
prone male (■■) and female (■) NOD mice. Four-week-old
male and female BALB/c islets were used as non-diabetes-
prone controls. The results were obtained by real time PCR,
and are expressed as cytokine or chemokine copies/β actin
copies. The data are shown as means ± SEM. The pictures
shown are representative on two to three similar experiments.
*p ≤ 0.05 vs. 2-week-old NOD islets. §p ≤ 0.05 vs 4-week-old
BALB/c islets. ANOVA followed by paired t-test with Bonfer-
roni correction
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Fig. 5. (A,B) Expression of IL-1β, IFN-γ, IL-15, fractalkine,
IP-10, MIP-3α and MCP-1 mRNAs in NOD and BALB/c islet
isografts 8 h (A) and 6 days (B) post transplantation into re-
spectively diabetic NOD and BALB/c mice. The results were
obtained by real-time RT-PCR analysis, and are shown as
means ± SEM, expressed relative to β-actin PCR product am-

plified from the same sample (cytokine or chemokine cop-
ies/β-actin copies). Significance (*) is expressed compared to
mRNA expression levels in respective control kidney tissue.
*p ≤ 0.05, ***p ≤ 0.005, ****p ≤ 0.001, *****p ≤ 0.0005.
ANOVA followed by paired t-test with Bonferroni correction



produce chemokines following exposure to cytokines
or viral products.

In this study we show for the first time that human
islet cells exposed to IL-1β and IFN-γ have increased
mRNA expression of IL-15, IP-10, MIP-3α and fract-
alkine and produce and secrete IL-15, IP-10, Mig, 
I-TAC and MIP-3α protein into the culture medium. A
constitutive expression of IL-15 was observed human
islets (control), as described for kidney proximal tu-
bule cells, astrocytes and microglia [49]. The nature of
IL-15 function in non-stimulated cells requires further
investigation. The main inducer of IL-15 in human is-
lets and rat purified beta cells was IFN-γ. Similarly,
IFN-γ induces IL-15 mRNA expression in monocytes
and NK cells [49, 50, 51]. The concentrations of IL-15
produced by human islets were low, similar to data
obtained in other cell types [49, 52]. It has been
shown that picomolar amounts of IL-15 are effective
in maintaining NK cell survival in serum-free media
[49], suggesting that the observed IL-15 production by
human islets might be physiologically relevant.

As observed for IL-15, the induction of IP-10 was
mostly mediated by IFN-γ. This induction was fol-
lowed by the release of large amounts of IP-10 in the
culture medium, in the range of 20 to 60 nmol/l per
1000 islets. Please note that 3 nmol/l of IP-10 is suffi-
cient to trigger a chemotactic response in lymphocytes
[53]. A synergistic effect of IL-1β and TNF-α with
IFN-γ in IP-10 protein release was detected and simi-
lar results were observed in thyroid follicular cells
[15]. Besides IP-10 two other chemokines that bind to
the CXCR3 receptor were induced by IFN-γ in human
islets, i.e. Mig and I-TAQ. Mig and I-TAQ have simi-
lar effects as IP-10, namely attraction of monocytes
and activated Th1 cells and NK cells [14, 46, 54, 55],
indicating that production of these three chemokines
by islet cells could contribute to mononuclear, NK and
Th1 cells homing in early insulitis.

Both TNF-α and IL-1β induced MIP-3α protein se-
cretion by human islets, but the induction by IL-1β
was 20-fold higher than that by TNF-α. It is notewor-
thy that IFN-γ inhibits MIP-3α production by both
TNF-α and IL-1β. IL-1β and/or TNF-α induce MIP-
3α in different cell types including keratinocytes, mel-
anocytes, fibroblasts and monocytes [22, 23, 56], but
the inhibitory effect of IFN-γ has not, to our knowl-
edge, been previously described. On the contrary,
IFN-γ induces MIP-3α protein expression in human
keratinocytes [23], emphasizing the different regula-
tion of chemokine expression in diverse cell types.

To evaluate whether IL-15, IP-10, MIP-3α and fac-
talkine are indeed expressed in pancreatic islets during
early insulitis, we examined their mRNA expression
in islets isolated from diabetes-prone NOD mice in the
pre-diabetic stage. The mRNA expression of IL-15,
IP-10 and MIP-3α in human islets correlates well with
protein production (present data), suggesting that in-
creased expression of these mRNAs in NOD islets is

associated to protein release in the islet microenviron-
ment. It can not be excluded, however, that some of
the observed changes in mRNA expression are not
paralleled by similar changes in protein expression.
Increased levels of IP-10 mRNA were observed al-
ready at 4 to 6 weeks of age before major insulitis is
present [8]. In agreement with our mRNA data, high
expression of IP-10 protein was also observed in islet
cells from NOD mice at 8 weeks of age [12]. In-
creased IP-10 mRNA content is paralleled by in-
creased expression of MCP-1 mRNA [8]. Macro-
phages are the first cells to infiltrate the islets in both
NOD mice and BB rats [6, 57]. Activated macro-
phages are toxic to pancreatic islets in vitro [58] and
macrophage depletion or inactivation prevent diabetes
in BB rats and NOD mice [59, 60]. IP-10 was reported
to attract monocytes [61], and it is therefore conceiv-
able that the early expression of IP-10 (current data)
and MCP-1 [8] by NOD islet cells contributes to the
recruitment of macrophages in the early stages of in-
sulitis. In this context, it is puzzling that IP-10 expres-
sion seems to precede a detectable increase in IFN-γ,
the main IP-10 inducer.

In agreement with the in vitro data, the induction of
IL-15 mRNA in NOD islets was paralleled by in-
creased IFN-γ expression (6 weeks), while MIP-3α in-
duction coincided with the peak of IL-1β (10 weeks).
Induction of IL-15 mRNA has been previously 
reported in cyclophosphamide-induced insulits in
NOD mice [62]. The expression of IL-15, IP-10 and
MIP-3α in NOD islets (present data) occurs in parallel
to infiltration by macrophages, dendritic cells, T help-
er and cytotoxic lymphocytes, and NK cells in NOD
islets which is observed around 4 to 10 weeks [2];
from 10 to 12 weeks 80% of the NOD mice of our
colony had intense insulitis [8]. T-cells are essential
for the development of diabetes in both NOD mice
and BB rats [2, 3], and the increased expression of 
IP-10, IL-15 and MIP-3α by the islets might contrib-
ute to T-cell recruitment. The production of MIP-3α
could also be involved in the attraction of dendritic
cells. It is noteworthy that the pattern of cytokine/
chemokine expression was similar in both male and
female NOD mice, except for a late induction of IL-15
in males. Male and female NOD mice develop periph-
eral insulitis at the same age, but beta-cell destruction
and diabetes mellitus are more prevalent in female
NOD mice [4, 5, 63]. This suggests that increased
chemokine expression has a more important role in
the recruitment and homing of immune cells than in
the later phase of destructive insulitis.

Diabetic NOD mice transplanted with syngeneic 
islets show early recurrence of the disease [38, 39].
Histological analysis indicates severe infiltration and
destruction of more than 50% of the grafts already 
6 days after transplantation [38]. Both CD4+ and CD8+
T-cells producing Th1-type cytokines (principally IFN-
γ), are involved in the destruction of beta cells [39].
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We have previously shown [64] and confirmed in
this study that a state of inflammation with high local
expression of IL-1 is demonstrated immediately after
(8-h) islet transplantation in autoimmune NOD mice.
IL-1 expression was also increased in BALB/c mice
isografts, suggesting that this is probably secondary to
non-specific tissue damage associated to the early en-
graftment. This inflammatory environment might in-
duce progressive production of chemokines by islets
transplanted into diabetes-prone NOD mice contribut-
ing to their own destruction. In contrast, in a non-dia-
betes-prone strain, such as BALB/c, cytokine and che-
mokine expression decreases to basal levels after 
6 days, suggesting resolution of the inflammation. We
found high induction of IP-10 and MCP-1 8 h after
transplantation in NOD mice, as compared with kid-
ney. Interestingly, an early IP-10 production (24-h)
was also observed in heart isografts [65]. IP-10 pro-
duction by these grafts was associated with leukocyte
infiltration and graft injury, and the use of anti-IP-10
antibodies prolonged graft survival [65]. Besides its
chemotactic activities, IP-10 and Mig are potent inhib-
itors of angiogenesis [66]. An adequate revasculariza-
tion is crucial for islet survival and function after
transplantation. Islet revascularization occurs within 7
to 14 days after transplantation [67], but the islet vas-
cular density of the graft is clearly decreased as com-
pared to endogenous islets [68]. Thus, the high ex-
pression of IP-10 in syngeneic NOD islets could 
contribute to poor graft vascularization and beta-cell
survival.

Expression of IL-1β and MCP-1 was observed in
syngeneic NOD islets 8 h after transplantation and it
was maintained for at least 6 days. Since IL-1β is the
main inducer of MCP-1 by pancreatic islet cells in 
vitro [7, 8], it is conceivable that increased IL-1β pro-
duction is responsible for the early increase in graft
MCP-1 expression. It is noteworthy that use of an 
IL-1 receptor antagonist prevents the recurrence of 
diabetes after syngeneic islet transplantation to diabet-
ic NOD mice [69]. MCP-1 mRNA expression was
also shown to be up-regulated in rat renal isografts
[70] and the chemokine probably plays a role in the
attraction of mononuclear cells to the graft. In line
with this possibility, high basal MCP-1 production by
human islets correlates with a poor clinical outcome
following islet transplantation in patients with Type 1
diabetes [71].

At 6 days after transplantation, a time point where
florid infiltration by immune cells is present, not only
high levels of MCP-1 and IP-10 were maintained, but
also high levels of MIP-3α were measured. MIP-3α
might contribute to the attraction of memory T-cells to
the grafts [20, 21]. Expression of IL-15 in the graft
and kidney tissue was constitutive, with no major
changes in expression after 8 h or 6 days. These ob-
servations contrast with the findings obtained in islets
isolated from pre-diabetic NOD mice, showing a pro-

gressive increase in IL-15 expression. This suggests
potential differences in the mechanisms that regulate
the homing of lymphocytes and monocytes in the 
endogeneous pancreas of NOD mice or following syn-
geneic transplantation in diabetic animals.

In conclusion, we have shown expression of sever-
al chemokines and IL-15 in FACS-purified rat beta
cells and human islets exposed to cytokines in vitro,
as well as in NOD islets from pre-diabetic mice or
during isograft rejection. The conserved expression of
IP-10, MIP-3α, MCP-1 and IL-15 in three different
species, and the good correlation between the in vitro
and in vivo data, suggests that chemokines and IL-15
produced by islet cells are involved in the recruitment
of immune-cells during both insulitis and islet graft
destruction.
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