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Tacrolimus, but not Cyclosporine A, Signi®cantly
Increases Expression of ICAM-1 and IFN-g in the
NOD Mouse
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Abstract We studied the alterations of cytokines and ICAM-1 expression in the NOD mouse pancreas produced
by the administration of Cyclosporine A (CY) and Tacrolimus (TA), two widely used immunosuppressive drugs. Results
evidenced differences in the effects of these two drugs. In fact, during treatment and after withdrawal, CY-treated
animals remained euglycemic, showed good islet cell preservation and had low levels of Th1 and Th2 cytokines; ICAM-
1 positivity within the islets was also found to be relatively low. On the other hand, TA-treated animals had in®ltrated
islets containing numerous dendritic cells, adhesion molecule overexpression, increased IFN-g and ICAM-1 mRNA
transcripts, and interestingly, high levels of circulating ICAM-1. However, even these animals remained euglycemic.
These ®ndings lead to the thought that these drugs may exert their effects in very different ways. Moreover, in TA-treated
animals, the presence of an islet in®ltrate containing numerous dendritic cells coupled with maintenance of euglycemia
is suggestive for the involvement of immunosurveillance mechanisms. J. Cell. Biochem. Suppl. 36:107±116, 2001.
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Type 1 diabetes is an autoimmune disease
associated with selective destruction of pan-
creatic islet b cells. In the nonobese diabetic
(NOD) mouse, in®ltration by mononuclear cells,
especially during the early stages of the disease,
involves not only the islets but also the whole
pancreas and its ducts in particular [Papaccio et
al., 1993]. This early stage of in®ltration is
characterized by Th2 rather Th1 in®ltrat-
ing cells [Shehadeh et al., 1993; Muir et al.,
1995].

Immunocytochemical studies performed in
these animals demonstrate that in®ltrating
cells within and around islets and ducts express
Ia-b (class II) molecules [Papaccio et al., 1991;
Linn et al., 1994]. In addition, an increased
expression of adhesion molecules, which serve
to bind mononucleates, has been described in
the human pancreas [HaÈnninen et al., 1992].
Furthermore, MHC class II and Intercellular
Adhesion Molecule 1 (ICAM-1) immunoreactiv-
ities have been reported in extra-islet struc-
tures, such as pancreatic endothelial cells [Linn
et al., 1994] and pancreatic ducts [Papaccio et
al., 1994a] in the NOD mouse. Also, endothelial
cells of both peri-islet and extra-islet compart-
ments often show Ia-b and ICAM-1 immunor-
eactivities, demonstrating that these molecules
are important for the adhesion processes taking
place during early autoimmune in¯ammation
[Papaccio et al., 1998]. It has also been shown
that islet b cells adjacent to in®ltrating lympho-
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cytes are stained by anti-ICAM-1 monoclonal
antibodies and cytokines, secreted by islet-
in®ltrating mononuclear cells, can induce
ICAM-1 expression on islet b cells [Yagi et al.,
1995]. This mechanism has been hypothesized
to be responsible for acceleration of b cell
destruction by cytotoxic-T lymphocytes. These
authors also suggest that immunointervention
on the ICAM1/LFA-1 pathway would be an
excellent strategy to prevent the disease [Yagi
et al., 1995].

Up to now several studies have been devoted
to the understanding of the pathophysiology of
both Cyclosporine A (CY) and Tacrolimus (TA)
and of their side effects on pancreatic islets; to
our knowledge, studies have not been focused on
their long-lasting effects and on their possible
in¯uence upon adhesion molecule expression.
Moreover, only a few papers have described the
effects of these immunosuppressants on cyto-
kines, focusing mainly on TNF-a [Baquerizo et
al., 1989; Takaori et al., 1992; Burke et al., 1994]
and on IL-2 and IFN-g [Asano et al., 1996]; in
particular, it was demonstrated that IL-2 and
IFN-g expressions could be suppressed only for
a limited period (5 days) by repeated high doses
of TA.

Moreover, it has been shown that some cyto-
kines, and particularly IFN-gwhich is known to
be a proin¯ammatory Th1 cytokine, are capable
of inducing MHC class I and ICAM-1 expression
[Chakrabarti et al., 1996]. Interestingly, it
has been recently reported that soluble ICAM-
1 (sICAM-1) is signi®cantly enhanced during
chronic autoimmune in¯ammation [Uchio et
al., 1999]. Furthermore, IFN-g exerts unex-
pected antidiabetogenic effects in diabe-
tes-prone bio-breeding rats [Nicoletti et al.,
1998].

Therefore, the purpose of this study was to
investigate the effects of CY and TA on the
expression of cytokines and ICAM-1 in the NOD
mouse pancreas. Our results demonstrate that
both drugs are capable of keeping blood glucose
levels low in these spontaneously diabetic
animals, but differently from CY, TA signi®-
cantly enhances ICAM-1 expression and IFN-g
mRNA levels; however, it did not inhibit peri-
islet in®ltration in which numerous CD4 posi-
tive and dendritic cells could be detected.
Furthermore, high sICAM-1 values were also
observed. These ®ndings suggest that TA acts
upon the immune system involving immuno-
surveillance mechanisms.

MATERIALS AND METHODS

Animals

Six-week-old female NOD mice (Bommice,
Bomholtgarten, Denmark) (n� 48) were used in
the experiment. In this colony, clinically evident
diabetes is observable by weeks 20±22 in 90±
100% of females, but in less than 20% of males.
The initial histopathological lesion is a peri-
vasculitis seen by Week 5. Peri-insulitis and
peri-ductulitis are present by Week 8 and
insulitis is massive by Week 15. The animals,
free from viral or bacterial infections and
weighing 20±28 g, were checked weekly for
non-fasting glycemia and were not subjected to
insulin treatment.

Immunosuppression

CY (Sandimmun, Pharmacia, Italy) and TA
(FK506, Fujisawa Pharmaceutical, London,
UK) were used for immunosuppression. Ani-
mals were immunosuppressed either with CY
(n� 16) dissolved in distilled water and used at
a concentration of 1.8 mg/mouse/week, or with
TA (n� 16) suspended in distilled water and
given at a dose of 5 mg/kg b. wt. orally in a
volume of 3 ml/kg once a day. The dose of both
drugs (CY and TA) corresponds to the thera-
peutic dose previously used by us and other
researchers for immunosuppression of type 1
diabetes in rodent animal models [Papaccio et
al., 1989, 1994b; Hirano et al., 1992]. Control
NOD animals (n� 16) were treated with phy-
siologic saline (®ve times per week).

Treatment was initiated at the age of 6 weeks
and continued for 10 weeks. At Weeks 10 (n� 8),
20 (n� 8), and 25 (n� 8), animals were anaes-
thetized with ether and the pancreas removed
for morphological evaluations.

Glycemia

Blood glucose levels were tested weekly using
the hexokinase method (Boehringer, Man-
nheim, Germany). Animals were considered
hyperglycemic when their non-fasting blood
glucose levels were higher than 8 mM/l, but
lower than 12 mM/l on two successive determi-
nations. Mice were considered diabetic when
their blood glucose levels exceeded 12 mM/l.

Circulating ICAM-1

Soluble ICAM-1 activity was assayed using
the ELISA CD54 kit (Endogen, Woburn, MA).
Blood samples from each animal were collected
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from the retro-orbital plexus and processed
following the kit's instructions. Values are
expressed as ng/ml.

Standard Light Microscopy and Assessment
of Insulitis Severity

Pancreatic samples from each animal were
®xed with Bouin's ®xative and embedded in
paraf®n. Specimens were sectioned serially (5
mm thick) and stained with hematoxylin eosin or
Gomori aldehyde fuchsin for general morphol-
ogy and for the evaluation of islet and extra-islet
in®ltration. The severity of insulitis was
assessed and scored as follows: 0, no in®ltration;
1, peri-insulitis; 2, peri-insulitis with single
leukocyte invading the islet parenchyma; 3,
<50% intraislet in®ltration; 4, invasive insulitis
(> 50%); 5, complete in®ltration (up to 100%); 5,
islet atrophy and retraction due to islet b cell
loss. For each section, scores were summed and
divided by the total number of islets scored to
obtain an average.

Immunocytochemistry

Samples from the tail of each pancreas were
collected and kept frozen in liquid nitrogen.
Randomly selected cryocut sections were
stained by indirect avidin-biotin peroxidase as
previously described [Papaccio et al., 1991]. The
monoclonal antibodies used were: anti(MHC
class II (IgG1; Dakopatts, Milan, Italy); anti-
ICAM-1 (clone CD45; Dakopatts); anti-T lym-
phocyte antibodies (Dakopatts) including CD4
(MT310) and CD8 (DK24); anti-macrophage
antibody EBM-11 (Dakopatts); anti-dendritic
cells (MIDC-8, BMDA, Augst, Switzerland),
anti-insulin, anti-glucagon, and anti-somatos-
tatin antibodies (Dakopatts). The secondary
antibody was biotinylated goat anti-mouse anti-
body.Asanegativecontrol, theprimaryantibody
was replaced with goat non-immune serum. The
other antibodies were used to distinguish
in®ltrating cells, and to detect any insulin-,
glucagon- or somatostatin-secreting cells lining
the pancreatic ducts, as well as to observe the
presence of residual insulin-containingb cells in
the islets of 20- or 25-week-old NOD mice.

Sections of 5 mm thickness were examined for
semiquantitative analysis. The immunoreac-
tive cells on alternate sections were determined
at a magni®cation of �400 using an eyepiece
with a square-ruled grid with a total area of
0.062 mm2 and counted utilizing the M4 image
analysis system (Imaging Brock University, St.

Catherines, Ontario, Canada) in 60 different
areas. This allowed the calculation of immunor-
eactive cells/mm2�SEM. The observations
were carried out blindly by three different
researchers.

Ultrastructure

For transmission electron microscopy (TEM),
samples were cut into small cubes and immedi-
ately ®xed in 0.1M phosphate-buffered solution
of 2.5% glutaraldehyde (pH 7.4) for 2 h at 48C,
then washed and post®xed in 1% OsO4 in the
same buffer for 1 h at 48C. Specimens then were
dehydrated, embedded in epoxy-resins and
sectioned on an ultratome (Reichert Ultracut
E, Germany). The ®rst 10 islets and ducts
encountered in the semithin sections of the
pancreas of each animal were examined and
screened for ultrathin sectioning. Uranyl acet-
ate and lead citrate stained ultrathin sections
were examined under the electron microscope
(Zeiss EM 109, Germany).

Islet Leukocyte Preparations

Pancreatic islets were isolated by collagenase
digestion and puri®ed on a Ficoll density
gradient. Single cells were dispersed from
handpicked islets by incubation at 378C for 10
min in Ca2�/Mg2�-free PBS containing 0.2mg/
ml EDTA, followed by injection through pro-
gressively narrower gauge needles. Mononuc-
lear leukocytes were separated from other cells
by density gradient centrifugation on Percoll.

Semiquantitative Cytokine mRNA Determination

RNA was extracted from islet leukocytes of
each animal using the guanidinium thiocyanate
method [Chirgwin et al., 1979], modi®ed as
follows: cells were homogenized in 4 M/l
guanidinium thiocyanate solution containing
17 mM/l sodium N-lauroylsarcosine, 25 mM/l
sodium citrate, 0.1 M/l 2-ME, and 0.1% Anti-
foam A, 30% aqueous emulsion (Sigma, Milan,
Italy), then precipitated with ethanol, pelleted,
and re-extracted with 8 M/l guanidine hydro-
chloride:0.5 M/l EDTA (19:1). After pelleting
and drying, samples were extracted twice with
phenol:chloroform (1:1) and precipitated with
ethanol. cDNA synthesis was carried out on
total RNA from each animal with Superscript
reverse transcriptase kit (Life Technologies,
Gibco BRL, Milan, Italy) by using oligo (dt)12±

18 and Moloney murine leukemia virus reverse
transcriptase (20 U) in a 25 ml reaction at 378C
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for 1.5 h. The reverse transcriptase reaction
containing cDNA was diluted 1:30, 1:90, and
1:270 in sterile H2O. Polymerase chain reaction
(PCR) ampli®cation was carried out on the
cDNA from each animal using 3 ml of each
dilution of cDNA in a 20 ml reaction with 80 ng of
each primer, 0.25 mM/l of each dNTP, 2.5 mCi of
[a- 32P] dCTP (3,000 Ci/mM; DuPont-NEN,
Milan, Italy), 1U of AmpliTaq (Perkin-Elmer/
Cetus, Monza, Italy), and 3 mM/l Mg2�. The
oligonucleotide primer sequences used in the
PCR ampli®cation are shown in Table I.
Samples were ampli®ed through 40 cycles at
948C for 20 s, 608C for 20 s, and 728C for 30 s in a
Gene Amp PCR System 9600 (Perkin-Elmer/
Cetus Monza, Italy). The PCR reaction was
electrophoresed on 1.5% agarose gels, trans-
ferred to nylon membranes, and 32P incorpora-
tion in cytokine and cyclophilin DNA bands was
determined by phosphoimager analysis for each
cytokine (TNF-a, IL-2, IL-4, IFN-g) and ICAM-
1. PCR products were normalized as a percen-
tage of 32P incorporated in cyclophilin PCR
product ampli®ed from the same cDNA pre-
paration. In these experiments, the template
used for PCR ampli®cation was cDNA from
NOD splenocytes activated with concavalin A
for 3 days to express the different cytokine
messages. This cDNA also was used as a positive
control in all PCR runs. Under the conditions
used, the PCR product signal was proportional
to the amount of RNA/cDNA subjected to PCR
ampli®cation. All PCR products compared were
produced in the same PCR run.

Statistical Evaluation

Student's t-test and analysis of variance
(ANOVA) were used for statistical analysis.
The level of signi®cance was set at P < 0:05:

RESULTS

Immunosuppressed NOD Animals are Euglycemic

Figure 1 shows blood glucose values in control
and immunosuppressed animals. Untreated 10-

week-old NOD mice were normoglycemic.
Twenty-week-old animals were clearly diabetic
(P < 0:0001 vs. CY- and TA-treated animals),
and by 25 weeks these animals were overtly
diabetic. CY-treated and TA-treated animals
remained normoglycemic throughout the
experiment (P < 0:0001 vs. age matched
untreated NOD).

Tacrolimus-Immunosuppressed Animal Islets
Remain In®ltrated During Treatment

Untreated 10-week-old NOD mice showed
peri-islet in®ltration surrounding the majority
of the islets. By 20 weeks these animals had
either extensively in®ltrated islets by mono-
nuclear leukocytes (intra-islet insulitis) or islets
of small dimensions (atrophic or retracted with
evident signs of cytoarchitectural derange-
ment).

CY-immunosuppressed animals of the same
ages (10- and 20-weeks-old) showed no signs of

TABLE I. Oligonucleotide Primer Sequences Used in the PCR Ampli®cation

Gene 50 primer 30 primer

II-2 CAAAGGAAACACAGCAGCACCTGG TCCTCAGAAATTCCACCACAGTTGC
IL-4 GTCACTGACTGTAGAGAGCTATT AGGTACATCACGTGGGAAGTAAA
TNF-a TACTGAACTTCGGGGTGATTGGTCC CAGCCTTGTCCCTTGAAGAGAACC
IFN-g ATCTGGAGGAACTGGCAAAAGGACG CCTTAGGCTAGATTCTGGTGACAGC
ICAM-1 ACCTGCGGCCCCAAGGGCTG CTCTAGGACCCGGGGGCTGA
Cyclophilin GACAGCAGAAAACTTTCGTGC TCCAGCCACTCAGTCTTGG

Fig. 1. Figure showing blood glucose levels in control and
immunosuppressed NOD animals (n�48). Values, given as
mM/l glucose, are expressed as means �SD. (Blood glucose
range in control nondiabetic animals � 4.5 to 5.5 mM/l). It is
clearly shown that CY-(n�16) and TA-treated (n�16) animals
had signi®cantly lower blood glucose levels (P< 0.0001), when
compared to untreated controls at Weeks 20 and 25.
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insulitis or islet atrophy, and islet cytoarchitec-
ture was preserved (Table II). On the other
hand, 10-week-old TA-treated animals showed
peri-islet in®ltration which worsened by week
20 (P<0.01 for scores at Week 10 vs. Week 20).

At Week 25, nine weeks after treatment
withdrawal, CY-treated animals still did not
show signs of islet in®ltration while TA-treated
animals continued to show clear peri-islet
in®ltration with single invading leukocytes.
Untreated NOD mice islets were atrophied with
islet b cells loss and contained in®ltrating
leukocytes.

Tacrolimus Dramatically Enhances Soluble
ICAM-1

Figure 2 shows sICAM-1 levels found in
control and immunosuppressed animals. Circu-
lating ICAM-1 values were dramatically en
hanced in TA-treated animals with respect to
control and CY-treated NOD mice (P< 0.0001).
Moreover, levels signi®cantly increased with
the age of TA-treated mice (P < 0.0001).

Tacrolimus Signi®cantly Enhances ICAM-1
Molecule Expression

Pancreas from untreated 10-week-old ani-
mals did not show MHC class II immunoreac-
tivity. However, there was low ICAM-1
positivity (see Table III for semiquantitative
evaluation). At 20 weeks, these animals started
to show MHC class II immunoreactivity, limited
to the connective layer surrounding ducts and
ICAM-1 expression increased (Fig. 3). The latter
was considerably greater than that of MHC
class II molecules of pancreas belonging to
animals of the same age (P< 0.001). An intense
immunoreactivity was observed particularly at
the level of ducts, including the epithelial lining,
endothelia, and some islet and pancreatic cells
along septa. Islets had a normal pattern for

glucagon and somatostatin but only rare insu-
lin-positive cells. CD8 or EBM-11 immunoreac-
tivities were not observed on ducts or in islets,
but a few CD4 immunoreactive cells were seen.

Immunosuppressed animals at Weeks 10 and
20 also expressed ICAM-1 structures at the
islet, duct, and endothelial levels; in particular,
TA treatment enhanced ICAM-1 immunoreac-
tivity already by Week 10, and further increased
expression by Week 20 with respect to that seen
in control diabetic animals (Fig. 4). CY treat-
ment produced lower adhesion molecule expres-
sion (Fig. 5) with respect to that observed in
control and TA-treated animals (see Table III).
MHC class II structures were rarely observed.
CD4 positive cells were observed at the islet
periphery but only in TA-treated animals, in
which numerous MIDC-8 immunoreactive cells
(dendritic cells) were also seen (Fig. 6).

Differences between CY-treated and TA-
treated animals were enhanced at Week 25; in
fact, while CY did not particularly alter ICAM-1
positivity further, TA-treated animals showed a
signi®cantly higher expression of this molecule
(P < 0.001).

Ultrastructure

In untreated NOD, in®ltrating cells were
observed jammed between epithelial cells of
pancreatic ducts or in the connective layer in
diabetic animals at the ultrastructural level.
Epithelial cells showed no signs of alteration
and there was no expansion of the ductal
epithelium. At Week 25, islets were of small
dimensions and rare degranulated islet-b cells

TABLE II. Insulitis Grading Score in NOD
Controls (NODc), Immunosuppressed NOD

With Cyclosporine A (NODi CY) or
Immunosuppressed NOD With

Tacrolimus (NODi TA)

Week 10 Week 20 Week 25

NODc 1.0� 0.2 3.5�0.3* 4.2� 0.4*

NODi (CY) 0.2� 0.1 0.2�0.1 0.2� 0.1
NODi (TA) 1.0� 0.2 2.0�0.6** 2.3� 0.6**

Data are given as means �SD.
*P<0.001 vs. all groups; **P<0.01 vs. NODi (TA) week 10 and
vs. NODi (CY) all weeks.

Fig. 2. Figure showing circulating Intercellular Adhesion
Molecule-1 (sICAM-1) levels. sICAM-1 values, expressed as
ng/l are means� SD. (Control animal range�11±100 ng/l). The
®gure shows that TA-treated animal (n�16) levels are signi®-
cantly increased (P < 0.0001), with respect to control and CY-
treated NOD mice. Levels of sICAM-1 in TA-treated mice are
also signi®cantly increased with the age (P < 0.0001).
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or non-b cells, often still surrounded by in®l-
trating leukocytes, were observed.

At Weeks 10 or 20 immunosuppressed animal
islets were either normal or showed a peri-islet
in®ltration. Dendritic cells often were found in
TA-treated animals (Fig. 7). Occasionally,
monocyte or lymphocyte margination and
trapping within islet and in peri-islet capil-
laries, was observed (Fig. 8). Endothelial
cells were hypertrophic, had numerous cyto-
plasmic protrusions and increased pinocytotic
vesicles. Several were separated by deep
gaps. There were no ultrastructural alterations
of ducts.

At Week 25, in®ltrated cells were observed
surrounding islets and ducts and ®lling peri-
islet capillaries of TA-treated animals.

Cyclosporine A Decreases Cytokine Production
but Tacrolimus Signi®cantly Increases IFN-g and

ICAM-1 Transcripts

Cytokine mRNA levels in mononuclear leu-
kocytes isolated from islets of untreated and
immunosuppressed animals are shown in Fig-
ure 9.

The purity of mononuclear leukocytes sepa-
rated from islets of untreated and immunosup-
pressed NOD ranged from 70 to 82%.

We analyzed the expression of IL-2, IL-4,
IFN-g and TNF-a, in order to determine the
cytokine pro®les of islet in®ltrating T lympho-
cytes. The level of each of these cytokines was
low in 10-week-old animals but increased in 20-
week-old NOD controls. At this point of time,
IFN-g expression in TA-treated animal islets
was signi®cantly greater than in age-matched
CY immunosuppressed NOD (P < 0.001). At
Week 25, transcripts continued to increase in
TA-treated animal islets while CY-treated
animals still had low levels (TA vs. CY, P <
0.001); IFN-g transcripts were also signi®cantly
higher with respect to those found in control
NOD animals (P < 0.001). To determine
whether the increase in ICAM-1 protein is
accompanied by an increase in the correspond-
ing mRNA, we also measured the level of ICAM-
1 mRNAs. Interestingly, ICAM-1 mRNA tran-
scripts were increased in TA-immunosup-
pressed animals already by week 10 (P <
0.001). IL-4 was found to be very low in all cases.

DISCUSSION

This study evidences that CY and TA are both
capable of counteracting hyperglycemia by
preserving islet cells of NOD mice from destruc-
tion even after treatment withdrawal. It also

TABLE III. Semiquantitative Evaluation of Immunoreactive Cells in Islets, Ducts,
and Endothelia of NOD Control (NODc) and Immunosuppressed NOD (NODi)

(CY�Cyclosporine A) (TA�Tacrolimus) Animals

Antibody Strain Week 10 Week 20 Week 25

MHC classII NODc 1.0� 0.2 2.0� 0.5 1.5� 0.5
NODi (CY) 1.0� 0.2 1.0� 0.2 1.5� 0.2
NODi (TA) 1.0� 0.2 1.5� 0.2 2.0� 0.2

ICAM-1 NODc 4.0� 1.5 10.5� 1.0*1 10.0�1.5
NODi (CY) 3.5� 1.0 7.2� 2.0* 6.5� 2.0
NODi (TA) 10.2� 2.02 12.0� 2.5 15.5�2.5**

CD4 NODc 1.0� 0.2 3.0� 0.5 1.0� 0.2
NODi (CY) 1.0� 0.2 1.0� 0.2 1.5� 1.0
NODi (TA) 2.0� 0.5 4.5� 1.0** 4.5� 1.5**

CD8 NODc 0.5� 0.2 1.5� 0.5 1.0� 0.2
NODi (CY) 1.0� 0.2 1.0� 0.1 1.0� 0.2
NODi (TA) 1.5� 0.4 1.5� 0.2 2.0� 0.2

EBM-11 NODc 0.5� 0.2 1.0� 0.2 0.2� 0.1
NODi (CY) 0.2� 0.1 0.2� 0.1 0.2� 0.1
NODi (TA) 1.0� 0.2 1.0� 0.2 2.5� 1.0**

MIDC-8 NODc 2.2� 0.6 0.5� 0.2 0.2� 0.1
MODi (CY) 2.0� 0.5 0.6� 0.2 0.2� 0.1
NODi (TA) 3.0� 0.6 5.6� 0.2*** 5.8� 0.1***

The immunoreactive cells on alternate sections were determined at a magni®cation of �400 using an eyepiece with a square-ruled
grid with a total area of 0.062 mm2 and counted with M4 image analysis system (Imaging-Brock University, St. Catherin, Ontario,
Canada) in 60 different areas. This allowed the calculation of immunoreactive cells/mm2 �SEM. The observations were carried out
blindly by three different researchers *P< 0.001 vs. MHC class II immunoreactive cells in all animal groups; **P < 0.001 vs. 25-week
old NODc and NODi-CY treated; ***P < 0.001 vs. MIDC-8 week 10 and P < 0.0001 vs. NODc and NODi-CY; 1P < 0.05 vs. ICAM-1 of
NOD-CY immunosuppressed animals; 2P < 0.001 vs. ICAM-1 week 10 other groups.
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shows that, while CY maintains both euglyce-
mia and islet cell preservation by counteracting
islet in®ltration and by lowering Th1 cytokine
and ICAM-1 levels, TA does not inhibit the
formation of an islet in®ltrate containing
numerous dendritic cells; adhesion molecule

overexpression, an increase in ICAM-1 mRNA
transcripts and an increase in IFN-g are also
seen. Particularly interesting is also the ®nding
that TA increases circulating ICAM-1 levels.

The role played by different cytokines in type
1 diabetes is now under considerable revision,
mainly in the light of recent studies, which
demonstrate that Th1 cytokines such as IFN-g

Fig. 5. Light micrograph of a pancreas from a 20-week-old
NOD mouse immunosuppressed with Cyclosporine A, showing
ICAM-1-immunoreactive cells near endocrine cell clusters
(asterisk) and along septa in the exocrine tissue (arrows).
(Original magni®cation � 300.)

Fig. 6. Micrograph of a pancreas from a 25-week-old NOD
mouse immunosuppressed with Tacrolimus, showing numerous
MIDC-8 (dendritic cells) around and within an islet (arrows).
(Original magni®cation � 100.)

Fig. 3. Light micrograph of a 20-week-old diabetic NOD
control mouse pancreas showing ICAM-1 immunoreactive
structures, located both at the level of the connective (thick
arrows) and epithelial layers (arrows) of a duct. ICAM-1
immunoreactivity involves the whole epithelial layer. Several
islet cells (curved arrows) are also ICAM-1 immunoreactive.
(Original magni®cation � 300).

Fig. 4. Light micrograph of a pancreas from a 20-week-old
NOD mouse immunosuppressed with Tacrolimus, showing
ICAM-1-immunoreactive cells (arrows) of a duct. ICAM-1
immunoreactivity is also observable at the level of the
connective layer (thick arrows) as well as on cells along septa
(arrowheads). (Original magni®cation � 300.)
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[Nicoletti et al., 1998] and IL-18 (interferon-
gamma inducing factor) [Rothe et al., 1998],
paradoxically suppress diabetes development
probably by locally downregulating Th1 cyto-
kine expression or b cell toxic mediators. This
new information could stimulate further debate
on this topic and could lead to a rethinking of
recent data on the speci®c role of the various
cytokines. The other anti-in¯ammatory effects

of IFN-g include: (i) reduction of IL-1b produc-
tion/action by inhibiting IL-1b secretion and
upregulating IL-1b receptor agonist production
[Landolfo and Garotta, 1991]; (ii) downregula-
tion of monocyte chemotaxis through dimin-
ished expression of C3a [Wahl et al., 1991]; and
(iii) induction of CD8 suppressor T cells [Bala-
shov et al., 1995]. Th1 and Th2 cytokines are not
produced exclusively by Th1 and Th2 cells
(subsets of CD4� cells). They are also produced
by other immune cell types such as CD8� T-
cells, macrophages, NK cells, and B cells [Fitch
et al., 1993; Seder and Paul, 1994; Suarez-
Pinzon et al., 1996]. However, the ®nal effector
mechanism by which Th1 promoting cytokines
leads to islet b cell destruction remains
unknown.

In this study the higher levels of IFN-g found
in TA- immunosuppressed animals with respect
to CY-treated mice are not correlated with
greater severity of pancreatic in¯ammation,
but only with peri-islet in®ltration and with
increased levels of ICAM-1 (circulating, mRNAs
and immunoreactivity); therefore, a rather
intriguing role for IFN-g comes out from this
report; i.e., a possible and suggestive in¯uence
of this cytokine upon adhesion molecules and
ICAM-1 in particular. This high level of circu-
lating ICAM-1 may be responsible for the
inhibition of LFA-1 mediated adhesiveness on
lymphocytes aiding immunosuppressive activ-
ity. This is also strongly suggested by the
®nding that chronic autoimmune in¯ammation
is maintained through high sICAM-1 levels
[Uchio et al., 1999].

These interesting observations must be taken
into consideration for many reasons. Up to now
the role of these adhesion molecules as well as
other integrins in type 1 diabetes has not been
well de®ned. In general, these adhesion mole-
cules are thought to specify cell±cell interac-
tions in embryogenesis and histogenesis.
ICAM-1 induction by autoimmune mechanisms
which take place in type 1 diabetes, and its
persistence in pancreatic ducts, islets, and
endothelia of overtly diabetic animals, con®rm
that a role for ICAM-1 is not only to facilitate
interactions between cells involved in adher-
ence and emigration processes, but also to
mediate interactions between cells of the
immune and endocrine systems [Springer,
1990].

In addition, the observation of trapped mono-
cytes and of hypertrophic endothelial cells

Fig. 7. Transmission electron micrograph from a 20-week-old
NOD mouse immunosuppressed with Tacrolimus showing
dendritic cells (DC) and a lymphocyte (L) in the peri-islet
in®ltrate. (IC�islet cell; Original magni®cation � 4.500.)

Fig. 8. Transmission electron micrograph from a 20-week-old
NOD mouse immunosuppressed with Tacrolimus showing a
marginating lymphocyte (ML), an emigrating lymphocyte (EL)
and hypertrophic endothelial cells (EC). (Original magni®cation
� 4.500.)
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within the islets, previously described in pre-
diabetic NOD mice [Papaccio et al., 1998],
stresses that the processes leading to diaped-
esis, still observable in TA-immunosuppressed
animals, could itself be seen as part of an
immune response in which the immune system
is under continuous stimulation. This is of some
signi®cance for long-lasting immunosurveil-
lance and suggests that in®ltration may occur
because of the persistence of such autoimmune
stimuli.

Therefore, the effect of TA upon pancreatic
islets is different from that of CY in that it also
involves immunosurveillance by dendritic cells,
and an increase of IFN-g and ICAM-1 which
may cooperate to maintain the morphology and
function of islet b cells.

In conclusion, this study demonstrates that
TA but not CY: (1) signi®cantly enhances IFN-g
levels; (2) considerably increases ICAM-1 pro-
teins and their mRNA transcripts, as well as
circulating ICAM-1; and (3) maintains euglyce-

Fig. 9. Cytokine mRNA levels in leukocytes from isolated islets
of untreated and immunosuppressed NOD mice. Cytokine
mRNA levels (PCR product) are expressed as a percentage of the
cyclophilin PCR product ampli®ed from the same cDNA
preparation. Cytokine mRNA levels (mean SE) are shown for
each group of mice. The ®gure shows that IFN-g mRNA

transcripts of TA-treated animals are signi®cantly higher when
compared to those found in control and CY-treated mice,
mainly at week 25 (P < 0.001). Also ICAM-1 mRNA transcripts
were found to be signi®cantly higher in TA-treated animals
when compared to controls and CY-treated mice (P < 0.001).
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mia in the presence of an islet in®ltrate that
contains numerous dendritic cells.
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