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Summary

 

The poor outcome of intraportal islet transplantation may be explained by the
instant blood-mediated inflammatory reaction (IBMIR), characterized by
islet entrapment in blood clots, leucocyte infiltration and disruption of islet
morphology. Here we employ a newly developed 

 

in vitro

 

 system to identify the
blood cells involved in this process. Islets were mixed with ABO-compatible
blood in heparinized tubes and incubated for various times up to 6 h. Clots
were analysed immunohistochemically for detection of platelets (CD41a),
leucocytes/lymphocytes (CD11b), granulocytes (CD16, lysozyme), neutro-
philic granulocytes (neutrophil elastase), eosinophilic granulocytes (NaCN ++++

 

H

 

2

 

O

 

2

 

), macrophages (CD68), dendritic cells (CD209/DC-SIGN), B cells
(CD20) and T cells (CD4, CD8). Platelets were rapidly deposited around the
islets in contact with the blood, reaching a maximum by 30 min. The first neu-
trophilic granulocytes appeared in the islets after 15 min, increased at 1 h and
peaked at 2 h. Small numbers of macrophages were found infiltrating the islets
already after 5 min, with a slight increase over time. However, control stain-
ings of cultured islets and pancreas biopsies identified these cells as being
largely of donor origin. No T cells, B cells, dendritic cells or eosinophilic gran-
ulocytes were detected during the 6 h observation time. Neutrophilic granu-
locytes were identified as the main infiltrating blood cell in islets exposed to
blood, implying that these cells play a key role in clinical islet transplantation.
Because islets are known to be exquisitely susceptible to oxidative stress,
development of drugs targeting neutrophilic cytotoxicity could markedly
improve the outcome of islet transplantation.
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Introduction

 

Type 1 diabetes is an organ specific autoimmune disease in
which the immune system attacks the insulin producing
pancreatic 

 

b

 

 cells (islets) [1,2]. Despite marked improve-
ment in diabetes care in recent years, insulin-dependent
diabetes is the leading cause of end-stage renal disease, blind-
ness and amputation. The currently available method for
restoring endogenous insulin production is to replace the
patient’s destroyed islets, either by whole pancreas transplan-
tation or by transplanting the islets. Replacement of the
whole gland re-establishes long-term normoglycaemia with
a success rate of 80%. However, because of the risk of surgical

complications, this procedure will never be a viable option
for most type 1 diabetic patients. Since the breakthrough
made by Shapiro 

 

et al

 

. [3], islet transplantation with its min-
imal surgery has the potential to be the procedure of choice.
This procedure can be performed on an almost out-patient
basis by infusing the islets into the portal vein. However, one
obstacle to bringing this procedure to clinical practice is the
consistent observation that islets from multiple donors are
needed to achieve normoglycaemia. It has been observed
that the metabolic capacity in patients receiving islets corre-
sponds to only 20% of that in healthy subjects [4], indicating
that the majority of the transplanted islets are lost in this
procedure.
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We have previously reported that a thrombotic/inflam-
matory reaction termed the instant blood-mediated inflam-
matory reaction (IBMIR) is elicited when islets come into
direct contact with ABO-compatible blood [5,6]. Similar
reactions have also been observed in clinical islet transplan-
tation [7].

The IBMIR includes coagulation and complement activa-
tion, a rapid binding of activated platelets to the islet surface
entrapping them in a clot, and recruitment and infiltration
of leucocytes within the first hour, culminating in disruption
of islet morphology [5,8]. The IBMIR provide a possible
explanation for the low success rate and need for large
numbers of islets to render a type 1 diabetic patient insulin-
independent.

The mechanisms underlying the injurious effects of the
IBMIR must be clarified further to find the ideal approach to
avoid the destruction of islets in the immediate post-trans-
plantation phase. Researchers in several laboratories, includ-
ing ours, have studied the IBMIR in the short-term
perspective [5,8,9]. However, no detailed characterization
has yet been reported concerning blood cells infiltrating
human islets after exposure to blood.

In the present study, we have developed a new tube system
where islets and ABO-identical blood are mixed for up to
6 h. This experimental system was designed to mimic the
first few hours after islet infusion into the portal vein and is
particularly suitable for immunohistochemical evaluation.
By using this system and collecting samples at various time-
points the infiltration pattern of blood cells during the early
post-transplantation period was characterized.

 

Materials and methods

 

Islet isolation and culture

 

Islets were isolated from human cadaver donors (using a
protocol approved by the local ethical committee), as
described previously [10–12]. The organs were obtained
from six normoglycemic donors, four males and two females
(aged 19–69 years, three with blood group O, two with blood
group A and one with blood group B).

The islet preparations were placed into untreated culture
dishes and maintained in suspension 2–10 days, cultured at
37

 

∞

 

C (5% CO

 

2

 

) in CMRL 1066 (

 

Gibco

 

-BRL, Invitrogen,
Paisley, UK) supplemented with 10 mmol/l nicotinamide
(Sigma Chemicals, St Louis, MO, USA), 10 mmol/l HEPES,
0·25 

 

m

 

g/ml fungizone, 50 

 

m

 

g/ml gentamicin, 2 mmol/l 

 

l

 

-
glutamine (all purchased from 

 

Gibco

 

-BRL, Invitrogen),
10 

 

m

 

g/ml ciprofloxacin (Bayer AG, Leverkusen, Germany)
and 10% (v/v) heat-inactivated human serum. The medium
was changed every other day.

The volume and purity of the islets were determined, after
staining with diphenylthiocarbazone by microscopic sizing
on a grid. The purity of the islet preparations used in this
study ranged from 60% to 90% (mean 72 

 

±

 

 5·2%).

 

Heparin coating

 

Materials in contact with fresh human blood were furnished
with a Corline heparin surface (Corline, Uppsala, Sweden)
according to the manufacturer’s recommendation [13]. The
surface concentration of heparin was 0·5 

 

m

 

g/cm

 

2

 

, corre-
sponding to approximately 0·1 U/cm

 

2

 

, with an antithrombin
binding capacity of 2–4 pmol/cm

 

2

 

. The stability of a similar
heparinized surface has been determined by Andersson 

 

et al

 

.
[14] with no leakage of heparin detected over a period of 1 h.

 

Preparation of blood

 

Fresh human blood, obtained from healthy volunteers who
had received no medication for at least 14 days was collected
in surface-heparinized 60-ml syringes (18-gauge, Micro-
lance; Becton Dickinson, Franklin Lakes, NJ, USA). The can-
nulae of the syringes were connected to surface-heparinized
silicon tubing. During sampling, the syringes were gently
rotated continuously.

 

Experimental design

 

Heparinized 2·5-ml Ellerman tubes were used to mix 1·5 

 

m

 

l
islets (corresponding to 

 

~

 

1500 IEQ) with 250 

 

m

 

l fresh
human ABO-compatible blood (no anticoagulant added).
The tubes were incubated on a rocking device from 5 min up
to 6 h at 37

 

∞

 

C. Samples were collected at 5, 15, 30, 60, 120,
180, 240, 300 and 360 min. For each time-point, one tube
with islets and blood was used.

At the time-points where samples were collected, ethyl-
enediamine tetra-acetic acid (EDTA) was added to the tubes
to give a final concentration of 4·1 mmol/l, to halt the ongo-
ing clotting reaction. Immediately after the reaction was
stopped, islets and macroscopic clots from each tube were
recovered on filters, collected in embedding medium (Tis-
sue-Tek; Miles, Eckhart, IN, USA) and snap-frozen in liquid
nitrogen for further immunohistochemical analyses. All
experiments included a blood control tube that had no islets
but contained 1·5 

 

m

 

l serum-free culture medium (the buffer
in which the islets were resuspended).

The reaction in the control tube was stopped at the first
time-point at which a clot appeared.

 

Preparation of slides

 

Cryostat sections (7 

 

m

 

m) of frozen islets and clots were pre-
pared and stored at 

 

-

 

70

 

∞

 

C until analysed. For each biopsy
specimen, sections from four different layers were placed on
a slide and each stained for an individual marker.

 

Immunohistochemistry

 

The stored slides were fixed in cold 50% acetone (v/v) for
30 s, then transferred to 100% acetone (v/v) for 5 min and
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air-dried. All subsequent steps were performed at room tem-
perature. The sources, specificities and dilutions of the anti-
bodies used are summarized in Table 1.

Depending on the origin of the primary antibody, three
different sets of reagents and protocols were used: Mouse-
Envision (from Dako, Copenhagen, Denmark) for mono-
clonal antibodies (i.e. tissue factor (TF), CD41a, CD11b,
CD20, CD68, CD16 and neutrophil elastase), Rabbit-
Envision (Dako) for polyclonal antibodies (lysozyme) and
the APAAP technique (alkaline phosphatase anti-alkaline
phosphatase) for the CD209/DC-SIGN antibody [15].

The Envision systems comprised the following steps:
blocking of endogenous peroxidases with 0·3% H

 

2

 

O

 

2

 

 (Kebo
Laboratory AB, Stockholm, Sweden) in phosphate-buffered
saline (PBS) for 15 min (except for the TF staining, where
the slides were left untreated); incubation with primary anti-
body for 30 min, followed by Mouse- or Rabbit-Envision
(Dako); detection in a solution of 10 mg 3-amino-9-ethyl-
carbazol in 6 ml of dimethylsulphoxide, 50 ml of 0·02 mmol/
l NaAc (pH 

 

=

 

 5·5) and 8 

 

m

 

l of 30% (v/v) H

 

2

 

O

 

2

 

 for 15 min;
counterstaining with haematoxylin; and finally embedding
in glycerol gelatin.

The APAAP technique involved the following steps: block-
ing with normal rabbit serum [Dako, dilution 1 : 10 in anti-
body diluent (Dako)] for 15 min; incubation with primary
antibody (diluted in antibody diluent) for 30 min; incuba-
tion with secondary antibody (rabbit anti-mouse-Ig, Dako,
diluted 1 : 25 in antibody diluent); incubation with APAAP
complex (mouse, Dako, diluted 1 : 15 in antibody diluent)
for 30 min; and finally detection with 5-bromo-4-chloro-3-
indoxyl phosphate (BCIP, Dako) for 15 min, followed by
counterstaining with haematoxylin and embedding in
glycerol.

In all immunohistochemical staining experiments, a slide
with no primary antibody was treated in parallel to serve as
a negative control.

Eosinophilic granulocytes were detected by histochemical
visualization of cyanide-resistant endogenous peroxidase
activity [16]. In brief, sections were incubated for 8 min at

room temperature in PBS buffer supplemented with 3·3-
diaminobenzamidine tetrahydrochloride (Sigma Chemi-
cals), 30% H

 

2

 

O

 

2

 

 and NaCN (120 mg/100 ml). After rinsing
in water, slides were counterstained with haematoxylin and
mounted in glycerine gelatin.

The blood cells within the clots surrounding the islets
served as positive controls for the different antisera and
enzymatic staining used. Purified dendritic cells [17] served
as a positive control for the CD209/DC-SIGN staining.

 

Immunohistochemical evaluations

 

The infiltrating cells with various phenotypical characteris-
tics were divided semiquantitatively into four categories:
0 

 

=

 

 no observed infiltrating cells, 1 

 

=

 

 few infiltrating cells,
2 

 

=

 

 moderate number of infiltrating cells, 3 

 

=

 

 massive num-
ber of infiltrating cells.

Twenty sections from each time-point (5, 15, 30, 60, 120,
180, 240, 300 and 360 min) were evaluated for each of the
various markers and scored blinded with regard to the anti-
body used.

 

Results

 

To study the infiltration of islets in contact with blood over
time, islets from six pancreases were mixed with blood, and
the presence of blood cells was analysed immunohistochem-
ically using specific markers at 5, 15, 30, 60, 120, 180, 240,
300 and 360 min.

 

Tissue factor

 

TF was detected in all islet preparations (

 

n

 

 

 

=

 

 6) (Table 2).
This is consistent with our recent finding that freshly isolated
islets express TF [7]. However, of the six islet preparations,
one islet batch was negative for TF up to 60 min, while the
other five already stained positive for TF in the 5-min
sample.

 

Table 1.

 

Antisera used in this study

Antisera raised

 

a,b

 

Dilution Specificity Code Source

CD41a

 

a

 

1 : 20 Platelets M 7057 Dako

Tissue factor

 

a

 

1 : 50 TF 4509 American Diagnostica, Inc.

CD11b

 

a

 

1 : 50 Leu/Lym

 

c

 

M 0741 Dako

CD20

 

a

 

1 : 100 B-cells M 0755 Dako

CD4

 

a

 

1 : 20 Th2 346320 Becton Dickinson

CD8

 

a

 

1 : 100 Th1 M 0707 Dako

CD16

 

a

 

1 : 50 Gran/Mo

 

c

 

F 7011 Dako

CD68

 

a

 

1 : 100 Mo M 0718 Dako

CD209 (DC-SIGN) 1 : 50 Dendritic 14–2099 Bioscience

Neutrophil elastase

 

a

 

1 : 50 Neutrophils M 0752 Dako

Lysozyme

 

b

 

1 : 200 Gran/Mo A 0099 Dako

 

a

 

Antisera was raised in mouse. 

 

b

 

Antisera was raised in rabbit. 

 

c

 

Leu: leucocytes, Lym: lymphocytes, Gran: granulocytes, Mo: monocytes.
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In the initially TF-negative islet batch, TF was first
expressed after 60 min in contact with blood; expression
reached a maximum at 2 h and remained constant through-
out the rest of the observation time (6 h). The apparent up-
regulation of TF in contact with blood that is seen in Table 2
is due only to this islet batch that initially stained negative for
TF (data represent mean values).

 

Platelets

 

The platelets were never seen to penetrate the islets in contact
with blood, but rapidly surrounded them. The platelet wreath

grew during the initial phase (up to 30 min) then remained
constant throughout the observation period (Fig. 1b).

 

Infiltration of white blood cells

 

The presence of leucocytes and lymphocytes in the islets, as
detected immunohistochemically by staining for the specific
marker CD11b, was apparent after 15 min and reached a
peak at 60 min (Figs 1c and 2). The degree of infiltration by
CD11b

 

+

 

 cells varied among the islets found in the same clot.
This variation was not limited to CD11b, but was observed
for all the markers discussed below.

 

Table 2.

 

Frequency of infiltration into islets of Langerhans

 

a

 

Marker 5

 

¢

 

15

 

¢

 

30

 

¢

 

60

 

¢

 

120

 

¢

 

180

 

¢

 

240

 

¢

 

300

 

¢

 

360

 

¢

 

TF 2·6 

 

± 

 

0·4

 

b

 

2·6 

 

± 

 

0·4 2·4 

 

± 

 

0·4 2·75 

 

± 

 

0·2 2·6 

 

± 

 

0·2 2·8 

 

± 

 

0·2 3·0 

 

± 

 

0·0 3·0 

 

± 

 

0·0 3·0 

 

± 

 

0·0

CD16 0·25 

 

± 

 

0·2 1·0 

 

± 

 

0·4 1·2 

 

± 

 

0·4 2·2 

 

± 

 

0·5 2·6 

 

± 

 

0·4 2·75 

 

± 

 

0·2 2·75 

 

± 

 

0·2 2·75 

 

± 

 

0·2 3·0 

 

± 

 

0·0

Lysozyme 1·0 

 

± 

 

0·4 2·25 

 

± 

 

0·2 2·25 

 

± 

 

0·2 2·6 

 

± 

 

0·2 2·6 

 

± 

 

0·2 2·6 

 

± 

 

0·4 2·6 

 

± 

 

0·4 3·0 

 

± 

 

0·0 2·8 

 

± 

 

0·2

 

a

 

Staining for CD20, CD4, CD8, eosinophils (detected by cyanide-resistant endogenous peroxidase activity) and CD209 (DC-SIGN) were all 

negative, i.e. they were not detected in the islets. 

 

b

 

Frequency of infiltration scored from 0 to 3, with 3 indicating strongly positive staining. All data are 

expressed as mean 

 

±

 

 s.e.m.

 

Fig. 1.

 

Immunohistochemical stainings. Human islets retrieved from the tube model at the time points indicated in the figure (a-g and i) or islets in 

the native pancreas (h). Sections were stained for the different markers indicated in the figure: platelets (CD41a), leucocytes (CD11b), neutrophilic 

granulocytes (NE) and macrophages (CD68). Magnification 

 

¥

 

 20.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

0’, negative
control

120’,
CD41a

120’,
CD11b

120’,
NE

60’,
NE

5’,
NE

0’,
CD68

native,
CD68

120’,
CD68
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Granulocytes

 

Several markers were used to identify the presence of gran-
ulocytes in the islets.

After 5 min neutrophilic granulocytes were seen to
gather in close proximity to the islets without infiltrating
them (Fig. 1d), and after 15 min the neutrophilic granulo-
cytes were detected in the islets (Fig. 2). The number of
infiltrating neutrophilic granulocytes was increased at
60 min (Figs 1e and 2) and peaked at 120 min (Figs 1f and
2). Eosinophilic granulocytes were found in the surround-
ing clots but were never detected within the islets at any
time-point.

 

Macrophages

 

Infiltration by macrophages was indicated by staining for
CD68. These cells were detected in the islets at the 5-min
time-point after exposure to blood (Fig. 2). Additional con-
trol stainings of isolated islets that had not been exposed to
blood and in pancreas biopsies revealed the presence of mac-
rophages in the islets (Fig. 1g,h). Another macrophage
marker, MAC 387, also stained positive in these additional
control specimens, further confirming their presence in the
non-treated islets and pancreas.

During the 6-h observation period there was a trend
towards a slight increase in the number of infiltrating mac-
rophages (not statistically significant, Fig. 1i).

 

Lymphocytes

 

Staining for specific markers for B cells (CD20) and T cells
(CD8 and CD4) revealed no infiltration of any of these cell
types throughout the 6-h observation period. All specific
markers stained positive in the surrounding clots with no
increase in number over time. Notably, no tendency of clus-
tering around or in the islets was observed.

Dendritic cells

No dendritic cells (CD209/DC-SIGN) were detected in any
of the islet preparations during the 6-h observation time.

Discussion

By employing a new experimental system, we were able to
examine islets embedded in clots and identify the blood cells
involved in the IBMIR at defined time-points. The intention
with the tube system used was to mimic the situation during
the first few hours after intraportal transplantation of iso-
lated islets. To produce a tube surface that generated very lit-
tle or no intrinsic activation of the cells and cascade systems
present in blood was of particular concern in the design of
this tube system. Therefore, surface-heparinization was used
to create an ‘endothelial cell-like lining’ of all the artificial
surfaces that came into contact with blood. Also, as smaller
volumes of blood were used than in the blood loop system
described previously [5], islets in clots were easily recovered,
and the IBMIR could be studied for a longer time interval.

Using this system, we found that neutrophilic granulo-
cytes were the predominant cell type infiltrating the islets.
After 15 min they had already appeared in the islets, and at
60 min this infiltration was increased further and peaked at
2 h. A low number of macrophages, with a slight increase
(not significant), were also found within the islets. Control
staining of islets not exposed to blood and in pancreas biop-
sies also revealed the presence of macrophages. We therefore
presumed that the majority of these macrophages were of
donor origin, although it cannot be excluded that there is a
continuous exchange of donor and recipient macrophages.

The macrophages found in the islets may act in a fashion
similar to that described previously for antigen-presenting
cells (APCs) migrating from a transplanted organ to the tis-
sues of the recipient, thereby directing the adaptive immune
system towards the graft. At present, there is an ongoing
debate about whether these cells participate in the develop-
ment of tolerance or initiate rejection of the transplanted
organ [18,19].

Variability was observed in the extent to which both gran-
ulocytes and macrophages infiltrated different islets from the
same donor. This difference is difficult to explain, but may
be due to variation of expressed inflammatory mediators
between individual islets. Most probably, the islets escaping
the IBMIR have an inherent low expression of inflammatory
regulators increasing their chances of successful engraft-
ment. This observation also holds promise for in vitro
techniques currently being developed to down-regulate the
expression of inflammatory mediators in human islets prior
to transplantation.

However, platelets were seen to adhere to the islet surface
after 5 min, increasing progressively over time. Activated
platelets are known to release a number of important growth
factors, such as platelet-derived growth factor (PDGF), vas-

Fig. 2. White blood cells infiltrating islets during the 6 h in contact with 

blood, �, CD11b-positive leucocytes, �, neutrophilic granulocytes 

(neutrophil elastase, NE), �, macrophages (CD68). Data represent 

mean ± s.e.m., n = 6.
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cular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF) [20,21]. Hence, in clinical islet trans-
plantation, when islets are embolized in the liver, a wreath of
adhering platelets might support revascularization and
engraftment in the liver tissue. A balanced IBMIR might be
the optimal strategy for maximal engraftment.

Our findings suggest that the neutrophilic granulocyte is
the predominant cell type infiltrating the islets. The infiltra-
tion pattern in the IBMIR resembles that observed in
ischaemic reperfusion injuries. In this context the neutro-
philic granulocytes are attracted to the graft due to up-reg-
ulation and release of agents by the ischaemia-induced
alterations of the endothelial cells and parenchyma cells of
the transplanted organ [22]. Similarly, their recruitment to
the islets could also be due to induced proinflammatory sig-
nals [23] released from the islets that are capable of attracting
and activating neutrophilic granulocytes when they are
exposed to blood.

Neutrophilic granulocytes fulfil their role by killing patho-
gens via cytotoxic attack and phagocytosis. After cell activa-
tion they generate superoxidase to form reactive oxygen
species (ROS) [24,25]. ROS, together with proteases liber-
ated from the granules of the activated neutrophilic granu-
locytes, are involved in killing the microbes. ROS are short-
lived and react largely without specificity; therefore, they
cause widespread destruction. In this matter, it is worthwhile
mentioning that islet b cells are exquisitely susceptible to oxi-
dative stress because of their insufficient antioxidant pool
[26], a situation that points to rapid and direct damage to the
islets by the infiltrating granulocytes.

Neutrophilic granulocytes are also known to contain a
pool of cytokines that are released upon activation, and there
is increasing evidence that cytokines have deleterious effects
upon islets [27]. Also, infiltration by neutrophilic granulo-
cytes leads to the release of chemotactic factors for T cells
and macrophages, such as tumour necrosis factor a (TNF-a)
and macrophage inflammatory protein 1a (MIP-1a). This
mobilization of immune effectors could have implications
for the specific immune system, inducing and enhancing cel-
lular rejection episodes.

The mechanism(s) by which the islets stimulate neutro-
philic granulocyte and macrophage recruitment is (are)
unknown. In previous studies we have suggested that
CD11b+ leucocyte infiltration is a result of complement acti-
vation [5,8]. The anaphylatoxins C3a and C5a, released upon
activation, are known to be major mediators for neutrophilic
granulocyte migration [28]. In a follow-up study in which
melagatran, a direct thrombin inhibitor, was used to inhibit
the IBMIR, both coagulation and complement were abro-
gated. However, infiltration of CD11b+ leucocytes was still
found in the islets, although to a lesser extent [8]. Taken
together, these observations indicate that complement acti-
vation by itself is not the only mechanism by which neutro-
philic granulocytes are recruited to the graft; one or more
additional mechanism(s) also seem(s) to be involved.

The recruitment of neutrophilic granulocytes as well as
macrophages to the islets could also be elicited by proinflam-
matory signals released by the islets themselves. One such
mechanism has been demonstrated by Piemonti and
coworkers [23]. Using chemotaxic assays, they found a cor-
relation between the number of infiltrating macrophages
and the amount of macrophage chemotactic protein-1
(MCP-1) produced by the islet [23]. Islets have also been
shown to express interleukin (IL)-8, a known chemotactic
agent for neutrophilic granulocytes [29].

The massive infiltration by neutrophilic granulocytes
probably causes direct damage to the islets, not only by func-
tionally impairing or reducing the mass of the implanted
islets but probably also by amplifying the subsequent
immune response [30].

If tolerance to the transplanted islets is to be achieved, the
IBMIR must be controlled. The results presented in this
study identify the cells that apparently participate in the
destructive processes of the IBMIR. The immuosuppressive
regimen applied in clinical islet transplantation at present
(tacrolimus, rapamycin and daclizumab) is directed against
the specific cellular immune response and the IBMIR is most
probably not affected by this medication. The findings in the
present study suggest that the next generation of immuno-
suppressive protocols for islet transplantation should also
include drugs to counteract the IBMIR. The tube system
employed here could serve as an in vitro system for evaluat-
ing the effect of candidate drugs designed to prevent the
infiltration part of the IBMIR.
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