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Abstract
Aims/hypothesis CD40 expression on non-haematopoietic
cells is linked to inflammation. We previously reported that
CD40 is expressed on isolated human and non-human
primate islets and its activation results in secretion of IL-8,
macrophage inflammatory protein 1-beta (MIP-1β) and
monocyte chemoattractant protein-1 (MCP-1) through
nuclear factor-κB and extracellularly regulated kinases 1/2
pathways. The objective of this study was to identify the
pattern of gene expression, and to study viability and
functionality affected by CD40–CD40 ligand (CD40L)
interaction in human islets. Furthermore, we have studied
the CD40-mediated cytokine/chemokine profile in pancre-
atic ductal cells, as they are always present in human islet
transplant preparations and express CD40 constitutively.
Methods CD40–CD40L gene expression modulation was
studied by microarray on islet cells depleted of ductal cells.
Selected genes were validated by quantitative RT-PCR. The
cytokine profile in purified ductal cells was evaluated by
Luminex technology, based on the use of fluorescent-coated
beads, known as microspheres, and capable of multiplex
detection of proteins from a single sample. Glucose-
stimulated insulin secretion and islet viability were assessed
by perifusion and 7-aminoactinomycin D membrane exclu-
sion, respectively.
Results Statistical analysis of microarrays identified 30
genes exhibiting at least a 2.5-fold increase across all
replicate arrays. The majority of them were related to
oxidative stress/inflammation. Prominently upregulated
were chemokine C-X-C motif ligand 1 (CXCL1), CXCL2

and CXCL3 belonging to the CXC family of chemokines
related to IL-8. CD40-mediated CXCL1 secretion was
confirmed by ELISA. The viability or in vitro function was
not affected by CD40 activation. In addition to previously
reported IL-8, MIP-1β and MCP-1, CD40 stimulation in
ductal cells produced IL-1β, IFN-γ, TNF-α, granulocyte
colony-stimulating factor and granulocyte-macrophage
colony-stimulating factor.
Conclusions/interpretation CD40 activation in islets and
ductal cells produces cytokines/chemokines with a broad-
spectrum range of biological functions.
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Abbreviations
7-AAD 7-aminoactinomycin D
CD40L CD40 ligand
CXCL1 chemokine C-X-C motif ligand 1
CXCL2 chemokine C-X-C motif ligand 2
ERK1/2 extracellularly regulated kinases 1/2
G-CSF granulocyte colony-stimulating factor
GM-CSF granulocyte-macrophage colony-stimulating

factor
ICAM-1 intercellular adhesion molecule
KC mouse homologue of human CXCL1
MCP-1 monocyte chemoattractant protein-1
MIP-1β macrophage inflammatory protein 1-beta
NF-κB nuclear factor-κB
RQ relative quantification

Introduction

CD40 receptor has a critical role in the activation of
immune responses and was first identified and characterised
in leucocytes [1]. Its importance in allograft rejection and
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autoimmunity has been widely accepted [2, 3]. Further-
more, prevention of CD40–CD40 ligand (CD40L) interac-
tion prolongs allogeneic islet graft survival in rodents and
non-human primates [4, 5]. However, recently it has been
demonstrated that CD40 is also expressed in non-immune
cells of diverse embryonic origin and function. The role of
CD40 in non-haematopoietic cells is not yet completely
understood; in general it has been linked to non-specific
inflammatory states [6–10]. Examples of CD40-mediated
survival have been reported in some cell types [11, 12].

We have previously reported that CD40 is expressed in
murine and human pancreatic beta cells and that its
expression is upregulated by a cocktail of diabetogenic
cytokines (IL-1β, TNF-α and IFN-γ) [13]. The stimulation
of CD40 receptor on islet cells increases extracellularly
regulated kinases 1/2 (ERK1/2)- and nuclear factor-κB
(NF-κB)-dependent inflammatory signals, resulting in
secretion of cytokines such as IL-6, IL-8, macrophage
inflammatory protein 1-beta (MIP-1") and monocyte
chemoattractant protein-1 (MCP-1) [14]. Furthermore,
CD40–CD40L interaction in islet cells upregulates the
expression of intercellular adhesion molecule-1 (ICAM-1),
which is associated with inflammation [15].

In this study, we have identified genes that are dif-
ferentially expressed by CD40L engagement in human islet
cells using gene array technology and have investigated the
influence of CD40–CD40L interaction on islet viability and
in vitro function. Moreover, pancreatic ductal cells are
always present in human islet preparations and express
CD40 receptor constitutively [16], and therefore we have
also studied the CD40-mediated secretion of cytokines/
chemokines in ductal cells.

Methods

Islets of Langerhans were isolated from human pancreases
obtained from deceased multiorgan donors (between the
ages of 23 and 61 years) for which consent for research was
given, using the automated method [17]. Human islets were
obtained from the Diabetes Research Institute cell-process-
ing facility and from participating centres of the National
Institute of Health Islet Cell Resources (ICR). Islets were
used under protocols reviewed and approved by the
University of Miami Institutional Review Board (IRB).

Isolation of islet cells and ductal cells using magnetic beads
technology

The separation of cell subsets (i.e. endocrine, ductal cells)
from human islet preparations was performed as previously
described [14]. Briefly, islets were enzymatically dissociat-
ed for 10–12 min at 37°C into single-cell suspensions

(Accutase; Innovative Cell Technologies, San Diego, CA,
USA). Enzymatic activity of Accutase was deactivated by
addition of an equal volume of fetal bovine serum.
Dissociated islet cells were incubated for 15 min on ice
with mouse anti-carbohydrate antigen CA19-9 pan-ductal
membrane antibody (1:100 dilution; Novocastra, New-
castle, UK).The two washes performed at the end of the
incubation were followed by incubation on ice for 15–
20 min with MACS goat anti-mouse IgG microbeads (4:1
dilution; Miltenyi Biotec, Auburn, CA, USA). The cell
suspension was passed twice through a magnetic column.
The efficiency of depletion was evaluated by flow
cytometry (FacsCalibur; Becton Dickinson, Mountain
View, CA, USA) with anti-mouse Alexa fluor 488-con-
jugated secondary antibody (1:300 dilution; Invitrogen, La
Jolla, CA, USA). The purity of the CA19-9-negative islet
cell fraction was >99%. Viability of depleted islet cells after
24 h was 70±5% depending on the quality of the starting
preparation. The assessment of cell death was performed
with 7-aminoactinomycin D (7-AAD; Invitrogen). Depleted
islet cell populations were screened for other CD40-
expressing cells, such as B cells and dendritic cells (CD19
and CD11c, respectively; BD-Pharmingen, La Jolla, CA,
USA) and monocytes (CD14; R&D Systems, Minneapolis,
MN, USA), which were detected only in negligible
quantities [14]. The CA19-9-positive fraction contained
>97% pure ductal cells.

Activation of CD40 receptor in islets or ductal cells

Entire human islets, islet cells and ductal cells were incubated
for various lengths of time with CD40L (1 μg/ml recombi-
nant human soluble CD40L plus 1 μg/ml enhancer of
ligands) (Alexis Biochemicals, San Diego, CA, USA),
according to the manufacturer’s instructions. Henceforth,
every time CD40L is mentioned the enhancer is included in
the treatment at the above-stated concentration. We have
tested the possibility that the enhancer of ligands, used in all
our experiments together with CD40L, might have an effect
on cytokine and insulin secretion or RNA transcription. We
have not found any such effect.

Gene array analysis

RNA preparation Depleted human islet cells were treated for
5–6 h with CD40L; controls remained untreated. Total RNA
was extracted and purified using PicoPure Kit (Arcturus
Engineering, Mountain View, CA, USA) according to the
manufacturer’s instructions and then quantified with a Nano-
drop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). The RNAwas qualified on an Agilent 2100 Bio-
analyzer (Caliper Technologies, Mountain View, CA, USA).
Three independent experiments were performed.
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Amplification and labelling of RNA RNA was amplified
with an Amino Allyl MessageAmp aRNA Amplification
Kit (Cat. no. 1753; Ambion, Austin, TX, USA) and labelled
with Cy3- and Cy5-NHS ethers (Cat. no. PA23001 and
PA25001, respectively; Amersham, Pittsburgh, PA, USA).
Concentration of labelled aRNA and labelling efficiency
were determined spectrophotometrically. The equal
amounts of labelled aRNA were hybridised to Agilent
Whole Human Genome Oligo microarrays (Cat. no.
G4112A) for 17 h at 60°C following the manufacturer’s
instructions. All experiments were performed using a ‘dye
flip’ method, where replicate hybridisations of the same
sample and control are performed in each dye direction.

Image analysis and data processing The microarrays were
scanned at 10 μm resolution using a GenePix 4000A
scanner (Axon Instruments/Molecular Devices, Union City,
CA, USA) and the resulting images analysed with GenePix
Pro 5.1 software package (Axon Instruments). Data
extracted from the images were transferred to the Acuity
4.0 software (Axon Instruments) for normalisation and
statistical analysis. Each array was normalised for signal
intensities locally and across the entire array, using Lowes
normalisation. Features for further analysis were selected
according to the following quality criteria: (1) at least 90%
of the pixels in the spot had intensity higher than
background plus 2 SDs; (2) <2% saturated pixels in the
spot; (3) signal-to-noise ratio (defined as ratio of the
background subtracted from mean pixel intensity to SD of
background) was ≥3 for each channel; (4) the spot diameter
was between 80 and 110 μm; and (5) the regression
coefficient of ratios of pixel intensity was ≥0.6.

To identify significantly expressed genes across all
replicate arrays, one-class significant analysis of microarray
(http://www-stat.stanford.edu/~tibs/SAM) was used with a
false discovery rate <5% and a fold change >2.5 [18]. All
primary microarray data were submitted to the public
database at the GEO website (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?token=drerrueuigoimvs&acc=GSE8873).

Selected genes were classified into six broadly defined
classes according to Gene Ontology category ‘biological
process’ using Onto-Express (http://vortex.cs.wayne.edu/
Projects.html) [19].

Relative quantification real-time PCR

Human islet cells depleted of ductal cells were incubated
with CD40L for 5 h. Total RNA was isolated with an
RNeasy kit (Qiagen, Valencia, CA, USA), treated with
DNase I and used for cDNA synthesis. The assay was
performed with a 7500 Fast Real-Time PCR system using
TaqMan Universal PCR mix and TaqMan probes (Applied
Biosystems, Foster City, CA, USA). We quantified the

following genes: BDKRB1, BIRC3, CXCL1, CXCL2,
CXCL3, IL17RB, IL23A, CCL20 (also known as MIP3-A)
and PLAU. The PCR reactions were plated in triplicate
using probes specific for each mRNA (Applied Biosystems).
Relative quantification (RQ) determines the change in
expression of target transcripts in a test sample (CD40L-
treated cells) relative to a calibrator sample (untreated
controls). RQ was calculated via Applied Biosystems SDS
software based on the equation RQ ¼ 2�DDCt ; where Ct is
the number of cycles at which amplification reaches a
threshold determined by the software within the exponential
amplification phase. Ct data were normalised to endogenous
control β-actin.

CXCL1 induction and detection

Depleted islet cells were cultured in suspension at the
density of 900,000 cells in 1 ml Miami Medium no. 1A
(MM1A, Cat. no. 98–021-CV; Mediatech-CellGro, Mana-
ssas, VA, USA). The cells were stimulated for 24 h at 37°C
with CD40L. In order to confirm NF-κB pathway involve-
ment, an inhibitor of NF-κB phosphorylation, Bay11-7082
(5 μmol/l; Biomol, Plymouth Meeting, PA, USA), was
added once to the media 1 h prior to stimulation and
maintained in the culture for the duration of the experiment.
Secretion of the C-X-C motif ligand 1 (CXCL1) chemokine
was determined by ELISA (R&D Systems).

Islet cell viability

The entire human islets were incubated with CD40L for 48
and 96 h. The islets were dissociated as described earlier
and then stained with 7-AAD (1 μg/ml final dilution) to
detect cell death. After 20 min of incubation, the samples
were evaluated by flow cytometry.

In vitro islet function

Dynamic glucose-stimulated insulin secretion was per-
formed on a customised perifusion apparatus (BioRep,
Miami, FL, USA). Briefly, 100 islets treated in culture for
24 h with CD40L (1 μg/ml) were loaded in HEPES buffer
into columns with Bio-Gel P-4Gell (Bio-Rad, Hercules,
CA, USA) and pre-incubated with 3 mmol/l glucose in
HEPES buffer for 45 min, with a constant flow of 100 μl/min.
At the end of pre-incubation the islets were exposed
sequentially to 3 mmol/l glucose (5 min), 11 mmol/l glucose
(10 min), 3 mmol/l glucose (15 min), 25 mmol/l KCl
(5 min), and finally again to 3 mmol/l glucose (5 min). The
flow-through was collected in a 96 well plate (1 min per
well). At the end of perifusion the islets were washed out
from the column using Tissue Protein Extraction Reagent
(Pierce, Rockford, IL, USA) and DNA content was measured
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using Quant-It Pico Green (Invitrogen). Insulin levels in the
collected samples were quantified by ELISA (Mercodia,
Uppsala, Sweden) and results normalised to DNA content.

Cytokine/chemokine induction and secretion in pancreatic
ductal cells

Human ductal cells were purified by positive selection using
anti-CA19-9 antibody and conjugated magnetic bead cell
separation. Pure ductal cells were cultured for 48 h to allow
them to shed the magnetic beads. The medium was changed
and CD40L (1 mg/ml) was added for a 24 h treatment. At
the end of incubation, supernatant fractions were collected
and concentrations of cytokines/chemokines determined
using a Multi-Plex kit following the manufacturer instruc-
tions (Bio-Plex Platform Technology; Bio-Rad).

Statistical analysis

We used the Shapiro–Wilk normality test to determine if
our results followed Gaussian distribution. Neither set of
results passed completely the normality test. Therefore we
analysed all the results using the Wilcoxon signed-rank test
for paired, non-parametric samples. Only p values <0.05
were considered statistically significant.

Results

Gene microarray studies

A combination of statistical analysis plus fold-change
ranking of microarray experiments was used to determine
a signature gene list regulated by CD40–CD40L interaction
in human islet cells. Human islets were dissociated and islet
cells depleted from CD40-expressing duct cells prior to
incubation with CD40L. As we previously reported, the
depleted fraction of islet cells contained negligible amounts
of ductal cells, B cells, dendritic cells and monocytes [14].
Following Microarray Quality Control Consortium recom-
mendations, we identified 30 transcripts increased at least
2.5-fold within a false discovery rate <5% in islet cells
treated with CD40L. The genes were classified into six
broadly defined classes according to Gene Ontology
category ‘Biological process’ (Table 1) using Onto-Express
(http://vortex.cs.wayne.edu/Projects.html) [19]. The catego-
ries are: (1) Inflammation, immune response, coagulation
and oxidative stress (14 genes); (2) Apoptosis/survival (two
genes); (3) Signal transduction (five genes); (4) Metabolism
(two genes); (5) Transcription factors (two genes); and (6)
Protein degradation (one gene). Four genes have unknown
function.

Most of the genes were related to inflammation and
oxidative stress. Included in this group were CCL4 (coding
for MIP-1β), ICAM1 (coding for ICAM-1), CCL2 (coding
for MCP-1) and IL8, which we have previously described
as regulated by CD40 activation in human islet cells [14].
Nine genes were selected and quantified by real-time PCR
(n=7 organ donors). Specific gene upregulation was
confirmed in most preparations, even though with some
variability within each human islet preparation: BDKRB1
(4/7), BIRC3 (7/7), CXCL1 (7/7), CXCL2 (6/7), CXCL3 (7/
7), IL17RB (7/7), IL23A (7/7) CCL20 (3/7) and PLAU (5/7)
(Fig. 1). Statistical analysis using Wilcoxon’s paired
signed-rank test showed statistical significance for BIRC3,
CXCL1, CXCL3, IL17RB and IL23A (p=0.015) and for
CXCL2 (p=0.031) but not for BDKRB1 (p=0.296), CCL20
(p=0.579) and PLAU (p=0.078). In either case the number
of amplification cycles did not exceed 30, suggesting that
the possibility of an artefact is at a minimum.

CD40-mediated secretion of CXCL1 in islet cells

In the gene array, the CXCL1 gene showed >60-fold
upregulation. We investigated if the activation of islet cells
with CD40L resulted in the secretion of CXCL1 as well.
Supernatant fractions from pure human islet cells treated for
24 h with CD40L and the untreated controls, were assayed
by ELISA for the presence of CXCL1. We found CD40-
mediated secretion of CXCL1 in all seven human islet
preparations (Fig. 2). As reported by others [20–22], the
production of CXCL1 was sharply decreased by a 1 h
pretreatment with NF-κB pathway inhibitor, Bay 11-7082
(5 μmol/l) (results not shown).

Engagement of CD40 receptor in human islets neither
induces cell death nor affects insulin secretion

In several reports the CD40 activation was linked with cell
death [23–25]. We investigated if CD40 activation causes cell
death in cultured islets. Entire human islets were incubated
with CD40L for 48 and 96 h. The cell death was evaluated by
flow cytometry using the membrane-exclusion dye 7-AAD.
Even though CD40L treatment induced secretion of cyto-
kines/chemokines, and the islets remained up to 96 h in the
resulting milieu, our data showed no detrimental changes in
viability (Fig. 3a).

Recent reports indicate that glucose activates ERK1/2,
which results in induction of insulin secretion [26]. Since
CD40 stimulation in islets activates ERK1/2 as well [14],
we hypothesised that engagement of CD40 could have an
effect on insulin secretion. The perifusion studies of entire
human islets indicated that CD40 activation has no effect
on insulin secretion. The insulin secretion profiles of islets
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Table 1 List of genes identified by microarray as differentially expressed by CD40 activation in human islet cells (n=3)

Gene Bank
accession no.

Gene
symbol

Gene name Fold
change

Inflammation, immune response, coagulation
NM_001511 CXCL1 Chemokine (C-X-C motif) ligand 1 69.0
NM_000584 IL8 Interleukin 8 23.9
NM_002089 CXCL2 Chemokine (C-X-C motif) ligand 2 15.2
NM_000576 IL1B Interleukin 1, beta 14.2
NM_002090 CXCL3 Chemokine (C-X-C motif) ligand 3 8.5
NM_004591 CCL20 Chemokine (C-C motif) ligand 20 5.8
NM_006291 TNFAIP2 Tumour necrosis factor, alpha-induced protein 2 5.5
NM_002658 PLAU Plasminogen activator, urokinase 4.1
NM_016584 IL23A Interleukin 23, alpha subunit p19 2.7
NM_002984 CCL4 Chemokine (C-C motif) ligand 4 2.6
NM_018725 IL17RB Interleukin 17 receptor B 2.5
AF117819 BDKRB1 Bradykinin receptor B1 2.5
NM_000201 ICAM1 Intercellular adhesion molecule 1 (CD54) 2.5
NM_002982 CCL2 Chemokine (C-C motif) ligand 2 2.5

Apoptosis/survival
NM_001165 BIRC3 Baculoviral IAP repeat-containing 3 20.6
NM_000636 SOD2 Superoxide dismutase 2, mitochondrial 2.9

Signal transduction
NM_020529 NFKBIA Nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha 6.2
NM_005204 MAP3K8 Mitogen-activated protein kinase kinase kinase 8 3.5
BC014259 TIFA TRAF-interacting protein with a forkhead-associated domain 3.4
NM_002350 LYN v-yes-1 Yamaguchi sarcoma viral related oncogene homologue 2.9
NM_005178 BCL3 B cell CLL/lymphoma 3 2.5

Metabolism
NM_005114 HS3ST1 Heparan sulphate (glucosamine) 3-O-sulfotransferase 1 2.7
AK074235 B3GNT5 UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyl-transferase 5 2.5

DNA transcription
NM_005375 MYB v-myb myeloblastosis viral oncogene homologue (avian) 2.9
BC028013 RELB v-rel reticuloendotheliosis viral oncogene homologue B, nuclear factor of kappa light polypeptide

gene enhancer in B cells 3 (avian)
2.8

Genes involved in protein degradation
NM_006398 UBD Ubiquitin D 2.5

Unknown
NM_138397 6.8
NM_025079 ZC3H12A Zinc finger CCCH-type containing 12A 5.4
BC033490 FAM150B Hypothetical protein LOC285016 3.2
I_966514 2.9

Fig. 1 Validation of selected genes using quantitative RT-PCR.
Values are expressed as RQ, representing the change in expression
of target transcripts (CD40L-treated cells) relative to untreated cells.

Islet cells depleted of ductal cells were treated with CD40L for 5 h
before RT-PCR analysis (n=7 human islet preparations). The
horizontal line represents the threshold of activation
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stimulated with CD40L were similar to those of untreated
islets (Fig. 3b).

CD40-mediated secretion of chemokines/cytokines
in ductal cells

CD40 is constitutively expressed in pancreatic ductal cells
[16], which are present in every human islet preparation. We
determined the cytokine/chemokine expression profile in the
supernatant fractions from the primary human ductal cells
induced for 24 h with CD40L. Compared with untreated
controls the CD40 engagement resulted in the increased
secretion of MIP-1β, IL-6, MCP-1, IL-8, CXCL1, TNF-α,
IL-1β, IFN-γ, granulocyte colony-stimulating factor (G-CSF)
and granulocyte-macrophage colony-stimulating factor (GM-
CSF) (Fig. 4).

Discussion

In this work we have used microarray technology to
compile a signature gene list regulated by CD40–CD40L
interaction in human pancreatic islet cells. We have
identified a total of 30 upregulated and zero downregulated
genes. We validated nine genes by quantitative RT-PCR.
Even though some inter-islet preparation variability was
observed (most likely due to the noxious effects activated
by donor brain death and cold ischaemia time in the
harvested pancreas), IL23A and CXCL1 were consistently
upregulated in all individual preparations tested. IL-23A
and IL-12 p40 subunits form the heterodimeric IL-23,
which is necessary for expansion and survival of highly
pathogenic Th17 lymphocyte subsets shown to be involved
in the development and maintenance of chronic autoim-

mune inflammation in the central nervous system and in
joints [27]. In an islet transplant situation, it is conceivable
that the level of cytokine production by human islet
preparations after implantation into the recipient’s liver
may contribute to the initiation and maintenance of Th17
lymphocyte subsets and subsequently contribute to
specialised immune activations (namely, allorejection and
recurrence of autoimmunity), thereby negatively influenc-
ing the fate of the graft.

Our data indicate that CD40 mediates the secretion of
CXCL1 by islet cells. CXCL1 belongs to the ELR-CXC
chemokine subgroup, defined by the conserved sequence
motif Glu-Leu-Arg (the ELR motif) at the N-terminal
domain of the ligands. ELR-CXC chemokines are mainly
chemotactic for neutrophils [28–30]. The CXCL1 gene
contains regulatory transcription sequences including an
NF-κB target sequence [31]. Inhibition of NF-κB has been
shown to abolish CXCL1 secretion in other experimental
settings [20–22], which is in agreement with our finding
that CXCL1 secretion in islets is NF-κB-dependent. The
role of CXCL1 in the recruitment of polymorphonuclear

Fig. 2 Determination of CXCL1 secretion, induced by stimulation of
CD40 receptor. The CXCL1 protein secretion from islet cells depleted
of ductal cells activated for 24 h with CD40–CD40L was evaluated by
ELISA. Grey and black bars represent control and CD40L-treated
cells, respectively. Values are means±SD for each islet preparation.
Wilcoxon signed-rank test for paired, non-parametric samples was
used for statistical analysis (p=0.01560). The islet preparations (n=7)
were different from the ones used in Fig. 1

Fig. 3 Engagement of CD40 receptor in human islets does not induce
either cell death or insulin release. a Islet death. Entire islets were
treated for 48 (n=6) and 96 (n=3) h with CD40L, and cell death was
evaluated by 7-AAD staining and flow cytometry. Values for 48 h are
represented on the left y-axis, and 96 h on the right y-axis. Black and
white bars represent control and CD40L-treated islets, respectively.
b Dynamic glucose-stimulated insulin release. Insulin assessment of
perifusion of islet aliquots (100 islet equivalent) from untreated
control islets (triangles, solid line) and from islets treated with CD40L
(circles, dashed line) (24 h). The perifusion is representative of five
independent experiments. G, glucose
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neutrophils in reperfused organs [32] and in inflammatory
diseases (i.e. ulcerative colitis) has been documented [33,
34]. To the best of our knowledge we are the first to show a
connection between CD40 activation and expression of the
CXCL family of chemokines in pancreatic islet cells.
CXCL1 transcription was induced by IL-1β in rat pancre-
atic beta cells [35] and in a CD4+ T cell receptor transgenic
variant of the NOD mouse model of cyclophosphamide-
mediated diabetes [36]. After exposure to the type 2
diabetic milieu, murine and human islets secreted chemo-
kine KC (mouse homologue of human CXCL1) and
CXCL1, respectively [37]. A similar phenomenon was
observed in islets isolated from mice kept on a high-fat diet
[37]. Production of CXCL1 may have a role in protection,
as is the case in islet interaction with extracellular matrix
[20]. It has been postulated that the effect of CXCL1 on
beta cells is controlled by the amplitude of signalling and
by the prevailing biological context [20]. A recent report
indicates that cytokines originally considered to be only

harmful, such as IL-1β, could actually be beneficial. IL-1β
in small quantities induces beta cell proliferation and
protects pancreatic islets from receptor-mediated apoptosis
[38]. In our gene array analysis, IL1B was increased 14-
fold. However, we have not detected the cytokine in
supernatant fractions of depleted islet cells [14]. The
detection of IL-1β by ELISA-based methods has been
reported as difficult. However, we have detected IL-1β in
supernatant fractions of activated ductal cells. Therefore it
is unlikely that the reported lack of IL-1β secretion in islet
cells is due to a technical difficulty in its detection. The
increase of RNA in our gene arrays could be false positives,
or there could be a lack of correlation between RNA and
protein expression, as was reported for other genes [39].
CD40-mediated chemokine secretion in vivo may have a
detrimental effect on transplanted islets due to the recruit-
ment of monocytes and macrophages at the site of
implantation. In vitro, however, it is not the case. Our in
vitro data indicate that CD40-mediated chemokine secre-

Fig. 4 Cytokine secretion profile of ductal cells activated with
CD40L. Purified ductal cells were treated with CD40L for 24 h.
Supernatant fractions were analysed for cytokines. The values of the
asterisk-labelled samples are represented as one-tenth of the actual

value in order to be included in the same scale. The Wilcoxon signed-
rank test for paired, non-parametric samples was used for statistical
analysis (p=0.031 for all cytokines) (n=6 independent ductal cells
preparations). CTRL, control
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tion did not significantly affect islet viability. These results
are in agreement with a recent report describing only mild
effects of KC on beta cell apoptosis and insulin secretion in
murine islets [37]. Therefore, it is possible that the major
threat does not lie in the cytokines/chemokines themselves
but in their chemoattractant property in vivo, where
immune cells are recruited to the site and damage the graft.

High glucose concentration results in the induction of
the ERK1/2 pathway and stimulates secretion of insulin in
MIN6 insulinoma cell line and rat pancreatic islets. The
effect is partially obliterated by mitogen-activated protein
kinase kinase inhibitor PD98059 [26]. Since one of the
CD40 signalling pathways in islets is ERK1/2 [14], we
investigated if activation of CD40 affects insulin secretion.
We analysed insulin secretion by a perifusion method and
did not find any difference between the profiles of 24 h
CD40L-induced islets and untreated controls. Because both
CD40L and glucose affect the same pathway, we had
expected a synergistic effect of CD40L and glucose on
insulin secretion. It is possible that the levels of ERK1/2
activation were not further increased by CD40L induction,
resulting in the same amount of secreted insulin. Similar
results were observed with 30 min of CD40L incubation,
the time frame at which ERK1/2 activation persists in
human islets (D. Klein and R. L. Pastori, unpublished
observations).

Pancreatic ductal cells are a common ‘contaminant’ of
human islet preparations and are co-transplanted with them.
Pancreatic ductal cells contribute to cytokine responses of
human islets by producing nitric oxide and TNF-α [40, 41].
Furthermore, ductal cells express constitutively CD40 and
its activation induces NF-κB-mediated transcription of
TNFα and IL1B in Capan2, the cell line derived from
ductal cells, and secretion of TNF-α in both Capan2 and
primary pancreatic ductal cells [16]. In this study, we found
that, unlike in islets, CD40 activation in ductal cells produces
TNF-α, IFN-γ and IL-1β, cytokines known to be deleterious
in higher concentrations to human islet viability and
function. However, we have discovered that upon CD40
stimulation ductal cells produce GM-CSF and G-CSF, which
are key haematopoietic growth factors of the myeloid
lineage, controlling production, differentiation and function
of granulocytes and macrophages [42]. Both cytokines affect
adaptive immune responses. G-CSF inhibits onset of
diabetes in the cyclophosphamide-accelerated mouse model
[43] and prevents beta cell destruction [44]. G-CSF and GM-
CSF prevent onset of diabetes in NOD mice by inducing
tolerogenic dendritic cells that sustain the function of
regulatory T cells [45, 46]. It is possible that production of
GM-CSF and G-CSF contributes to the observed positive
correlation between the number of ductal cells in islets graft
and the outcome of the transplantation [47].
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