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Natural killer cells are required for accelerated type 1 diabetes

driven by interferon-3
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Introduction

Summary

The destruction of B cells by the islet infiltrating lymphocytes causes type 1
diabetes. Transgenic mice models expressing interferon (IFN)-B in B cells, in
the non-obese diabetic (NOD) strain and in a diabetes-free, major histocom-
patibility complex-matched, homologous strain, the non-obese resistant
(NOR) mice, developed accelerated type 1 diabetes after 3 weeks of age. Our
aim was to determine if natural killer (NK) cells could affect the acceleration
of the disease. We determined the amount of NK cells in the pancreas, spleen
and lymph nodes from NOD rat insulin promoter (RIP)-IFN-f mice. Pancre-
atic cytokines were assessed by quantitative real-time polymerase chain reac-
tion and protein arrays. To confirm the relevance of NK cells in the
acceleration of autoimmune diabetes this subset was depleted with anti-asialo
GM1 antibodies. An increase of intrapancreatic NK cells characterized the
accelerated onset of diabetes both in NOD and NOR RIP-IFN- transgenic
models. Cytokines involved in NK function and migration were found to be
hyperexpressed in the pancreas from accelerated diabetic mice. Interestingly,
the depletion of NK cells in vivo abolished completely the acceleration of
diabetes. NK cells connect innate to adaptive immunity and might play a role
in autoimmunity. We report here that NK cells are required critically in the
pancreas for accelerated diabetes. This model links inflammation to accelera-
tion of B cell-specific autoimmunity mediated by NK cells.
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promote NK cell function [13], constituting a crucial step in
innate and adaptive responses. In experimental T1D the lack

Type 1 diabetes (T1D) is an autoimmune disease caused by
the destruction of the B cells [1]. The detection of type I
interferon (IFN), a cytokine of natural immunity secreted
typically by virally infected cells, in the pancreas of diabetic
patients [2,3] supports the importance of viruses as environ-
mental factors in T1D. Transgenic mice expressing type I [IFN
in the B cells develop diabetes [4-6], suggesting mechanisms
by which viral infection may trigger autoimmunity to the
islets. In this context, a role for innate immunity in T1D has
been proposed, and in particular for natural killer (NK) cells
[7].

Natural killer cells are a form of cytotoxic lymphocyte,
which constitute a major component of the innate immune
system and that mediate defence against virally infected or
malignant cells [8] through activating and inhibitory mem-
brane receptors [9,10]. Although some differences exist
between human and mouse NK cell receptors [11], their
main functions seem to be conserved [12]. Cytokines

of NK cells was associated with protective insulitis [14] and
the depletion of NK cells prevented diabetes development. In
humans, several alterations have been found in NK cells of
diabetic patients [15].

We generated two transgenic mice models expressing
IFN-B under the control of the insulin promoter, one in the
non-obese diabetic (NOD) strain [NOD rat insulin pro-
moter (RIP)-IFN-B] and the other in a diabetes-free, major
histocompatibility complex (MHC)-matched, homologous
strain, the non-obese resistant (NOR) mice (NOR RIP-
IFN-B) [6]. Both strains develop accelerated autoimmune
diabetes at 3 weeks of age. In the course of the characteriza-
tion of insulitis in these models, we found a striking feature
of the accelerated onset of T1D: the presence of abundant
DX5/CD49b* CD3, basically NK cells [16]. To determine the
role of these cells, anti-GM1 antibodies —a reagent used
classically to deplete NK cells [17] — were administered to
transgenic mice, preventing the acceleration of the disease.
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This finding supports the chain of events that presumably
link inflammatory events to autoimmunity in the islets of
predisposed mice.

Materials and methods

Mice

We used NOD and NOR transgenic mice expressing IFN-f3
in the B cells [6] and non-transgenic littermates as controls.
Mice were kept under specific pathogen-free conditions and
monitored daily for diabetes assessment, as described previ-
ously [6]. Our government’s guidelines for the use and care
of laboratory animals (Generalitat de Catalunya, Catalonia,
Spain) were followed and the protocols were approved by
our Institutional Animal Care and Use Committee.

Insulitis development

The degree of islet infiltration (insulitis) was determined as
described previously [6]. Pancreases from six animals of each
group were snap-frozen in an isopentane/cold acetone bath.
Cryosections of 5 Lm were obtained at five non-overlapping
levels. The sections were stained with haematoylin and eosin
(H&E) and analysed at 3, 4, 6, 9 and 12 weeks of age exam-
ining 40-100 islets per animal.

Immunobhistological analysis

Consecutive pancreatic cryostat sections (5um) from
healthy and accelerated diabetic NOD RIP-IFN-B mice were
incubated sequentially with (i) goat polyclonal antibody to
mouse integrin 02 (or CD49b) to NK cells (Santa Cruz
Biotechnology, Santa Cruz, CA, USA); (ii) Alexa**-labelled
rabbit anti-goat immunoglobulins (SBA, Birmingham,
AL, USA); (iii) guinea pig anti-insulin (ICN, Eschwege,
Germany); and (iv) tetramethyl rhodamine isothiocyanate-
labelled goat anti-guinea pig (ICN). The preparations were
analysed with a UV microscope and an image analyser
(OpenLab 2-0; Improvision, Coventry, UK).

Flow cytometric analysis

Intrapancreatic lymphocytes from transgenic mice NOD
RIP-IEN-B and NOR RIP-IFN-f, healthy and accelerated
diabetic (3 weeks of age) and from non-transgenic litter-
mates, healthy and late diabetic (12 weeks of age), were
obtained after enzymatic digestion with collagenase,
mechanical disruption and purification by discontinuous
density gradient using Ficoll. Lymphocytes from spleen and
pancreatic lymph nodes were isolated by mechanical disrup-
tion. Between six and 12 animals per group were analysed.
Different lymphocyte subsets were detected by direct immu-
nofluorescence staining and flow cytometry analysis
with phycoerythrin (PE)-Cy5 anti-mouse CD45 (Caltag

Laboratories, Burlingame, CA, USA), fluorescein isothiocy-
anate (FITC) anti-mouse CD4, PE anti-mouse CD8, PE anti-
mouse CD19, PE anti-mouse DX5/CD49b" and FITC anti-
mouse CD3 (Pharmingen, San Diego, CA, USA). Unstained
cells and cells stained with an irrelevant isotype-matched
PE/FITC were used as controls. Subsets were determined by
flow cytometric analysis in a fluorescence activated cell sorter
(FACScan) Cell Analyser (BD, San Jose, CA, USA). Data were
analysed using CellQuest software (BD).

Cytokine profile: low density protein arrays

Protein extracts were obtained from 5um pancreatic
cryosections using the protein extraction reagent supplied
in RayBio™ mouse cytokine antibody array (RayBiotech,
Atlanta, GA, USA) and protease inhibitors cocktail (Calbio-
chem, Darmstadt, Germany). Pools of pancreatic proteins
(500 pg) obtained from five mice (male), late diabetic NOD
(12-14 weeks of age) and accelerated diabetic NOD RIP-
IFN-[3 (3 weeks of age) were incubated on mouse cytokine
antibody array membranes (RayBiotech). The assay was per-
formed in triplicate using different pools of proteins. The
reaction was revealed by chemiluminiscence using Hyper-
film ECL (Amersham Biosciences) in a Kodak M35X-OMAT
processor (Kodak, Hemel Hewpstead, Herts, UK). The
amount of cytokine was quantified by densitometry
(QuantityOne 1-D analysis software; Bio-Rad, Hercules, CA,
USA). The expression index was calculated normalizing the
data to positive controls after background subtraction.

Laser capture microdissection and gene
expression analysis

Pancreatic cryostat sections (6 um) stained with H&E
were microdissected using laser capture microdissection
(LCM) (P.A.L.M® MicroBeam, P.A.L.M® Microlaser Tech-
nologies, Bernried, Germany) to obtain the endocrine tissue.
The experiment was performed in triplicate in late diabetic
NOD mice (12-14 weeks of age) and accelerated diabetic
NOD RIP-IFN-3 mice (3 weeks of age, three to five male
mice per group). RNA (RNeasy Micro Kit; Qiagen, Hilden,
Germany) was reverse-transcribed using random hexanucle-
otide primers (20 ng/ul; Promega Corp., Madrid, Spain) and
SuperScript II reverse transcriptase (4 U/ul; GiBco BRL,
Invitrogen, Carlsbad, CA, USA). The primers used for real-
time reverse transcription-polymerase chain reaction (RT-
PCR) were Tugman® and probe (Assays on Demand; Applied
Biosystems, Foster City, CA, USA) for chemokine (C-C
motif) ligand 5 (CCL5) and CXCL10. IFN-y primers
(sense 5-AGCGGCTGACTGAACTCAGATTGTAG-3" and
anti-sense 5-GTCACAGTTTTCAGCTGTATAGGG-3") were
obtained from T MolBiol (Berlin, Germany). The reaction
was performed using the ABI 7000 System thermocycler
(Applied Biosystems). Relative values were determined by
normalizing the expression for each gene of interest to the
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housekeeping gene 18S rRNA (sense 5-CGGCTACCAC
ATCCAAGGAA-3" and anti-sense 5-GCTGGAATTACCG
CGGCT-3") and a calibrator sample (microdissected islets
from healthy NOD mice) following the 274 method [18].

In vivo administration of anti-asialo GM1 polyclonal
antibody

Because the NK cells from NOD mice do not express the
NK1-1 epitope (CD161), the usual protocols for depletion of
NK1-1* cells could not be followed in our NOD strain. We
used an anti-asialo GM1 polyclonal antibody (Cedarlane,
Hornby, Ontario, Canada), a reagent used classically [17]
and currently [19] to deplete NK cells. The antibody was
injected intraperitoneally (300 pg in 40 ul of distilled water)
in NOD RIP-IFN-B mice (n=6; three females and three
males) at 10, 14 and 18 days after birth. As control, NOD
RIP-IFN-f mice (1 = 7; four females and three males) were
injected with 300 ug of normal rabbit serum (NRS;
Calbiochem). In addition, anti-asialo GM1 anti-serum was
injected in NOD wild-type mice (three females). Mice were
monitored daily for glycosuria during 30 weeks.

Statistical analysis

Statistical analysis was performed to compare independent
groups using the #-test when the data had a normal distri-
bution and equal variance tests. The Mann—Whitney U-test
was performed for NK/B correlation. For flow cytometry
data Bonferroni’s multiple comparison test was used. The
log-rank test was used to compare the incidence of diabetes
in treated mice and controls. Differences were considered
significant when a value of P < 0-05 was reached.

Results

A transient increase of NK infiltrating the pancreas
characterizes accelerated T1D in RIP-IFN-3 NOD and
RIP-IFN- NOR mice

The insulitis score of the NOR RIP-IFN-f3 and NOD RIP-
IFN-B mice at 3, 4, 6, 9 and 12 weeks of age was significantly

NK cells accelerate type 1 diabetes

higher (P <0-01) than that of their non-transgenic litter-
mates at the same age (Fig. 1a). The insulitis score of NOD
RIP-TEN-B at 3 weeks of age was higher than at 4 weeks of
age because this group included subjects deemed to develop
T1D. Most of the islets from healthy NOD RIP-IFN-f and
healthy NOR RIP-IEN-B mice were infiltrated equally,
showing a similar pattern to that observed in accelerated
diabetic mice. The percentage of islets with different degrees
of insulitis indicated a higher insulitis in the islets from
transgenic mice when compared with non-transgenic litter-
mates of the same age (Fig. 1b). Almost half the islets from
healthy transgenic animals showed moderate or severe
insulitis.

A relative quantification of lymphocytes (T CD4*, T
CD8"and B) and NK (DX5/CD49b* CD3") cells was per-
formed in the intrapancreatic lymphocytes, spleen and pan-
creatic lymph nodes of the same animal (Table 1). We found
a significant increase of DX5/CD49b* CD3" cells in the
pancreas of the accelerated diabetic NOD RIP-IFN-f mice
at the onset of diabetes (18 £ 19, percentage = standard
deviation) when compared with healthy transgenic ones
(3:4 = 0-4). The same results were found in accelerated dia-
betic NOR RIP-IFN-f§ mice when compared with healthy
subjects (18 * 2 versus 5-1 * 1-1) (Fig. 2a). It was remark-
able that this DX5/CD49b* CD3 cell population was not
increased at the late onset of diabetes in non-transgenic
NOD mice (3:6 = 0-4) when compared with healthy non-
transgenic NOD mice (3-9 = 0-9). This was a feature of the
accelerated T1D and not of late diabetes at 12 weeks of age
(5-4 = 1-5). Interestingly, this fact was observed during only
a very narrow time window: as soon as 24-48 h after the
accelerated onset the percentage of NK cells decreased to
levels similar to those of healthy mice (4-7 * 1-3; data from
six mice). This increase in NK cells was not observed in the
spleen or in the pancreatic lymph nodes from mice with
accelerated diabetes when compared with controls. Immu-
nohistology of pancreases of healthy and accelerated diabetic
transgenic mice showed the NK cells in the periphery of the
islets (Fig. 2b): healthy mice displayed a few NK cells around
the islets, whereas accelerated diabetic mice showed an

Table 1. Percentage of lymphocyte subsets in the pancreas and pancreatic lymph nodes from non-obese diabetic (NOD) and non-obese resistant

(NOR) mice, wild-type (Wt) and transgenic (Tg) expressing interferon-f in the f cells (mean * standard error).

Pancreas Pancreatic lymph node

Strain Tissue CD4 CD8 B NK CD4 CD8 B NK

NOD mice Wt/healthy 20-1 = 41 63 £ 14 54-6 = 6-4 39 £ 10 542 £ 1-6 24-4 + 2-4 18-4 = 1-3 03 £0-1
Wit/late diabetic 210 =18 8:6 = 0-7 44-7 * 3-0 36 04 51-4 = 3-8 214 = 2:0 24-4 + 62 04 =01
Tg/healthy 2119 £ 1-0 65+ 0-8 534 * 1.7 34+ 04 529 * 16 234+ 0-8 20-0 £ 19 0-7 =02
Tg/accel. diabetic 227 £ 1-2 7-0 £ 10 17-0 = 2-1 180*+19 568*12 211 %06 189+09 03 *0-0
Tg/late diabetic 14-6 = 3.7 6:0 = 0-8 569 = 99 54 *15 537 = 3-1 233 * 34 202 £ 56 02 £ 04

NOR mice Wt/healthy - - - - 52:0 = 3-1 190 £ 13 24-3 = 3-4 0-6 £ 0-1
Tg/healthy 24-3 = 3-0 73x11 397 £ 3.7 51*11 462 + 23 246 = 09 26:0 = 27 06 £ 0-1
Tg/accel. diabetic 18-8 = 11 8716 253 £52 18:0 = 2-0 507 = 23 199 £ 07 27:6 £ 25 06 = 0-1

At least six animals per group were analysed. NK, natural killer.
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Fig. 1. Lymphocytic infiltration in the islets from transgenic (Tg) mice expressing interferon (IFN)-f in the insulin producing cells is higher than
that of their non-transgenic littermates. Pancreases from six animals of each group and age were analysed. (a) Insulitis score in non-obese resistant
(NOR) (up) and non-obese diabetic (NOD) (down) strains: NOR and NOR rat insulin promoter (RIP)-IFN-f mice (Tg NOR) showed significant

differences in insulitis score at 6, 9 and 12 weeks of age and at the onset of accelerated diabetes (**P < 0-01); NOD and NOD RIP-IFN-f mice
(Tg NOD) showed significant differences in insulitis score at 3, 4, 6, 9 and 12 weeks of age (**P < 0-01, ***P < 0-005), but not at the onset of
accelerated diabetes. Black bars correspond to transgenic mice and white bars to wild-type mice. Data are expressed as mean = standard error.

(b) Percentage of islets classified in each of the five insulitis score categories depending on severity of insulitis (white, no insulitis; dark grey,

peri-insulitis; medium grey, mild; light grey, moderate; black, severe) in NOR (up) and NOD (down) strains at 6, 9 and 12 weeks of age.

accumulation of NK cells around the remaining 3 cells in the
islets. Thus, a transient increase of NK cells in the islets is a
feature of accelerated diabetes in these mice.

The percentage of B cells in the islets correlates
inversely with accelerated onset of T1D in
transgenic mice

The percentage of intrapancreatic T CD4" and T CD8" cells
did not show significant differences when comparing sub-
jects with accelerated disease to healthy mice (Table 1).
However, the proportion of B cells (CD19*) showed a
marked decrease in NOD RIP-IFN-B mice at the onset
of accelerated diabetes when compared with healthy mice

(17 £ 2-1 versus 53-4 = 1-7, percentage = standard error,
P<0-01). The B cell reduction occurred within the same
time window as the increase of NK cells. Moreover, 24-48 h
after the onset of TID, the percentage of B cells
was up to levels of the healthy mice (41-2 = 5:6, data from
six mice), whereas the percentage of T Ilymphocytes
CD4" (211 = 1-5) and CD8" (7-8 = 1-1) was not altered.
This reduction of B cells was not present in NOD RIP-IFN-3
mice with late onset diabetes (56-9 = 9-9) or in healthy NOD
(54:6 = 6:4) or late diabetic NOD (44-7 = 3-0). The index
(—log %NK/%B) increases significantly in accelerated dia-
betes when compared with healthy transgenic mice
(P <0-01), late diabetic transgenic mice (P < 0-05) or late
diabetic NOD mice (P <0-001) (Fig. 3). Thus, accelerated

470 © 2008 British Society for Immunology, Clinical and Experimental Immunology, 151: 467-475



(@)

NK cells accelerate type 1 diabetes

(b)
251 " P LA
Pancreas " e
20+
151
101
| ]
: N |
B6 NOR Healthy Diabetic Healthy Diabetic Healthy Diabetic Diabetic
Tg Tg NOD NOD Tg Tg Tg
NOR  NOR (late) NOD NOD NOD
(accel) (accel) (late)
7 -
Spleen N
6 L
w |1
@© 51
o
X
Z 4r
© a T 1
(o))
s 3r
e
Q
°  2r
()
o
1 - I
0
B6 NOR Healthy Diabetic Healthy Diabetic Healthy Diabetic Diabetic
Tg Tg NOD NOD Tg Tg Tg
NOR  NOR (late) NOD NOD NOD
(accel) (accel) (late)
1.50 1 . [J Wild-type mice
Pancreatic Lymph Node
1.95 L _L Hl Transgenic mice
1.00
0-75 1
0-50
i ﬂ 10
0
B6 NOR Healthy Diabetic Healthy Diabetic Healthy Diabetic Diabetic
Tg Tg NOD NOD Tg Tg Tg
NOR  NOR (late) NOD NOD NOD
(accel) (accel) (late)

Fig. 2. (a) Natural killer (NK) cells are increased in the pancreases from non-obese resistant rat insulin promoter interferon-f§ (NOR RIP-IFN-f)
[transgenic (Tg) NOR] and non-obese diabetic (NOD) RIP-IFN-3 (Tg NOD) mice at the onset of accelerated diabetes. Histogram of NK cells
percentages in the pancreas (upper), spleen (middle) and pancreatic lymph nodes (lower) determined by fluorescence activated cell sorter (FACS)
analysis in control mice B6, NOR and NOD strains, and Tg NOR and Tg NOD in different conditions of health, accelerated diabetes or late diabetes
(groups of six to 12 mice per condition). Data are expressed as mean = standard error of the percentages. *P < 0-05 and **P < 0-01. Black bars

correspond to Tg mice and white bars to wild-type mice. (b) Double immunofluorescence staining of 5 um pancreatic cryostat sections, insulin
(red) and CD49b to NK cells (green) in healthy NOD RIP-IFN-f3 mice (upper) and in diabetic NOD RIP-IFN-f} at the accelerated onset of diabetes

(lower). Original magnification 400x.

© 2008 British Society for Immunology, Clinical and Experimental Immunology, 151: 467-475 471



A. Alba et al.

(@)
30
AHealthy NOD
sl +Healthy Tg NOR
® A mHealthy Tg NOD
B ool ao p 8 oDiabetic Tg NOR (accel)
v 4 Diabetic Tg NOD (accel)
z ¢ Diabetic NOD (late)
[0 15 | A% ] . .
2 R vDiabetic Tg NOD (late)
c ]
8 10 -
A L]
5 ., ** $.a .} o v
of M
Y | |
O 1 1 1 1 1 1 1 A 1
0 10 20 30 40 50 60 70 80 90
Percentage B cells
(b) *hKk
14r ok
1.2k
I
4l ok
o)
2
%08
z
2
506
o
"0.4
0-2
O 1 1 1
02 IHealthy DiabeticHealthy Diabetic Healthy Diabetic Diabetic

NOR Tg NOD NOD Tg Tg Tg
NOR (late) NOD NOD NOD
(accel) (accel) (accel)

[ Wild-type mice W Transgenic mice

Fig. 3. Inverse correlation between natural killer (NK) cell percentage
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accelerated diabetes. (a) Representation of NK cell percentage and B
cell percentage in the pancreatic infiltrates: each point corresponds to
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square: Tg NOD). (b) Histogram representing a normalized index

of the quotient of the percentage of NK cells and B cells in the
pancreas (—log %NK/%B) in different strains and conditions

(mean * standard error). Black bars correspond to transgenic mice
and white bars to wild-type mice. Note that accelerated diabetes
showed significant differences (***P < 0001) in the index (-log
%NK/%B) when compared with healthy mice and diabetic mice with
late onset of the disease. Determinations were performed in groups of
at least three mice per condition.

diabetes correlates with the percentage of NK cells and cor-
relates inversely with the percentage of B cells in the islets.

Increased expression of cytokines involved in
NK function and migration in the pancreas at
accelerated T1D

To determine the amount of cytokines involved in NK func-
tion and migration in the islet microenvironment, the
amounts of CCL5, interleukin (IL)-12, IFN-yand CCL3 were
determined using protein arrays. We found a significant
increase of CCL5 (fold change 4-8) and IL-12 (fold change
2-:03) in accelerated T1D transgenic mice when compared
with late diabetic wild-type NOD mice (Fig. 4a). IFN-y was
2-4-fold increased in pancreases from accelerated diabetic
NOD transgenic mice when compared with late diabetic
wild-type NOD mice, although the differences were not sta-
tistically significant. In addition, CCL3 also showed a ten-
dency to increase in accelerated diabetes (not significant, data
not shown). The NK attractant chemokines CXCL10, CCL5
and IFN-y were assessed using LCM and real-time RT-PCR.
Accelerated diabetic transgenic animals showed a signifi-
cantly higher expression of CXCL10 (P < 0-01) (fold change
6-7) and CCL5 (P < 0-05) (fold change 3-2) in the islets when
compared with late wild-type diabetic NOD mice (Fig. 4b).
IFN-ywas increased moderately in accelerated diabetes when
compared with late diabetes onset, although the differences
were not statistically significant. Thus, IL-12, CCL5 and
CXCL10 were found to be increased in the pancreas in accel-
erated T1D.

In vivo administration of anti-asialo GM1 antibody
inhibits accelerated diabetes

To confirm the relevance of NK cells in T1D we administered
an anti-asialo GM1 antibody to NOD RIP-IFN-f mice
before the onset of the disease. The depletion of NK cells
abolished accelerated diabetes completely (P < 0-05) (Fig. 5).
Furthermore, animals injected with NRS developed acceler-
ated diabetes after 3 weeks of age as expected, reaching an
incidence of T1D of 57% at 5 weeks of age, fitting well with
the current T1D incidence in this strain. We tested this anti-
body in wild-type NOD mice to rule out any effect of anti-
asialo GM1 in the adult onset of the disease but late diabetes
onset was not altered (the three NOD mice developed
diabetes), as described previously [15,20]). Transgenic
mice treated with antibodies developed late diabetes after
20 weeks of age with a similar incidence to non-NK-depleted
mice: at week 30, four of six (67%) transgenic mice treated
with anti-asialo GM1 were diabetic, while six of seven (86%)
transgenic mice treated with NRS developed the disease.
Flow cytometric analysis of intrapancreatic lymphocytes
from transgenic mice treated with antibodies that developed
late diabetes after 20 weeks of age showed a 4-1% of NK cells
(mean of two mice), similar to the percentage of pancreatic
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NK cells in healthy or late diabetic mice. The pancreases of
transgenic mice in which anti-asialo GM1 prevented accel-
erated diabetes were examined by histology at 12 weeks of
age and showed no signs of destructive or severe insulitis,
nor DX5/CD49b* cells.

Discussion

We report here an important increase in the population of
intrapancreatic NK cells (DX5/CD49b* CD3") at the acceler-
ated onset of T1D driven by IFN-B. One of the effects of
IFN-B is to induce NK cell proliferation and activation, as
such NK cells subsequently release inflammatory cyto-
kines, predominantly IFN-y [21]. The role of NK cells in

NK cells accelerate type 1 diabetes

Fig. 4. Increased expression of cytokines and chemokines in
accelerated diabetes. Black bars correspond to accelerated diabetic
non-obese diabetic rat insulin promoter interferon-f (NOD
RIP-IFN-B) [transgenic (Tg) NOD] mice and white bars to late
diabetic NOD wild-type mice. (a) Expression index, calculated
normalizing the data to positive controls after background
subtraction, of interleukin (IL)-12, IFN-y and chemokine (C-C motif)
ligand 5 (CCL5) protein in total pancreas from late diabetic NOD
mice and accelerated diabetic NOD RIP-IFN-f (Tg NOD),
determined by protein arrays. Data are expressed as mean * standard
error (s.e.) from three arrays with three different pools of proteins
obtained from five animals per condition. The amounts of IL-12

(*P < 0-05) and CCL5 (**P < 0-01) were increased significantly in
accelerated diabetic transgenic mice when compared with late diabetic
wild-type NOD mice. IFN-y was 2-4-fold increased in pancreases from
accelerated diabetic transgenic mice when compared with late diabetic
wild-type NOD mice, although differences were not statistically
significant. (b) Real-time reverse transcription—polymerase chain
reaction analysis for CCL5, CXCL10 and IFN-y in microdissected
islets from late diabetic NOD mice and accelerated diabetic NOD
RIP-IFN-B (Tg NOD) (three mice per condition). Data are expressed
as mean = s.e. Tg NOD showed higher CCL5 (*P < 0-05) and
CXCL10 (**P < 0-01) expression than NOD mice at the onset of T1D.
Results were normalized to a housekeeping gene (Rn18s) and a
calibrator sample (microdissected islets from healthy NOD mice)
following the 274 method.
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Fig. 5. Natural killer (NK) cell depletion inhibits accelerated diabetes.
Cumulative incidence of accelerated diabetes (percentage) in
non-obese diabetic resistant rat insulin promoter interferon-f3

(NOD RIP-IEN-B) treated with anti-asialo GM1 rabbit polyclonal
antibody (black circles, n = 6) and in control group treated with
normal rabbit serum (white circles, n=7).

accelerating T1D was demonstrated by the inactivation of
these cells with anti-asialo GM1. The increased expression of
NK-attractant chemokines, CCL5 and CXCL10, and cytok-
ines involved in NK function, IL-12 and IFNY, in the target
tissue of accelerated diabetes correlates with this NK subset
increase.
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Natural killer cells are essential for accelerated diabetes,
and their degree of involvement in insulitis composition
determines the bimodal distribution of age of onset. In
humans, there are also two peaks in the distribution of the
age onset of T1D, the first in early childhood and the second
at puberty. The clinical onset at very early age (before 5 years
of age) may have different autoimmune characteristics from
those diagnosed at a later age [22]. The accelerated and
aggressive form of diabetes should be viewed as a different
entity showing symptoms of a viral illness at diagnosis [23].
NK cells can inhibit or promote the activation of autoreac-
tive T cells during the initiation of autoimmunity [24]. In
T1D, the amounts of pancreatic NK cells distinguish innocu-
ous and destructive forms of insulitis [14], whereas B cells
seem to be a feature of benign insulitis [25]. By contrast, NK
cells mediate the protective effects of complete Freund’s
adjuvant in the NOD mice [20]. The role of NK cells in
accelerated T1D remains to be determined. One possibility is
the killing of B cells by NK cells, but NOD mice have a defect
in NK cell-activating receptor, NKG2D [26]. Moreover, the
previously described increased expression of MHC class I
molecules in the islets [6] should protect them against NK
cells. The impaired NK cell response described in NOD mice
might be restored by local inflammation [27], so our model
could reinstate its NK-activation defect by IFN-f action.
Because NOD-SCID mice — lacking T and B lymphocytes
but not NK cells — expressing IFN-B in the islets did not
become diabetic [6], NK cells are not enough to cause accel-
erated diabetes. The effect of NK cells in accelerating T1D
may be due to further polarization towards a T helper type 1
(Th1) response, enhancing the cytotoxic capacity of CD8" T
cells [28], an essential subset for disease progression [29].
Another mechanism could be the activation of antigen-
presenting cells by NK cells and the activation of autoreactive
T cells [30]. An islet inflammation mediated mainly by NK
cells has been reported recently in human T1D [31]. Type I
IFN also recruits NK cells to tumours and its depletion by
anti-asialo GM1 antibody abolishes the NK anti-metastatic
effect [19].

Natural killer cells migrate quickly from the pancreas after
the clinical onset of the disease when some B cells still remain.
This dramatic change in the insulitis composition is intrigu-
ing, and it would be interesting to determine the percentage of
NK cells just before the accelerated clinical onset of diabetes.
This poses a difficult problem, as we cannot predict which
mice will develop T1D. We suspect that in this aggressive form
of autoimmune diabetes NK cell recruitment to the islets
must be an acute phenomenon, in the same way that they
leave the islets soon after the onset of the disease. The per-
centage of B cells in the islets correlates inversely with accel-
erated onset of T1D. This apparently contradicts the evidence
that B cells are essential for the progression of diabetes in
NOD mice [32]. However, B cells can perform regulatory
functions by activating NKT cells, secreting anti-
inflammatory cytokines and depleting cytotoxic T cells. In

fact, in NOD mice, B cells down-regulate Th1 response and
prevent diabetes [25] and are increased in ‘benign’ insulitis
[14]. In the proinflammatory microenvironment of NOD
RIP-IFN-[ mice, B cells could have regulatory functions, in an
attempt to protect the target tissue. However, the increase in
pancreatic NK cells does not compensate fully for the percent-
age of decrease in B cells, and the remaining infiltrating cells
could be, in part, DX5/CD49b" CD3" cells increased slightly
at the accelerated diabetes (data not shown).

Natural killer attractant chemokines are increased in the
pancreas at accelerated diabetes. CXCL10 contributes to the
recruitment of NK and T cells [33,34] and to the develop-
ment of T1D [35,36], and CCL5 is produced during viral
infection in the pancreas [35]. These chemokines also recruit
NK cells to the skin in psoriasis [37]. IL-12 links innate to
adaptive immunity and induces IFN-y production by T and
NK cells. IFN-B shows direct Thl-inducing activity by
increasing the expression of IL-12R[2 signalling component
[38], thus enhancing the IL-12 effect in NK cells.

Anti-asialo GM1, an antibody used in many studies to
deplete NK cells [17,25], completely abrogates accelerated
diabetes. This antibody could also deplete a small population
of T cells and macrophages that express GMI, besides
depleting the majority of NK cells. However, there is no
preventive effect in NOD mice lacking NK cells in the insu-
litis, supporting the role of NK cells in accelerating the onset
of T1D. This discrepancy reflects intrinsic differences in the
immune response between accelerated and late T1D in these
experimental models. The mechanism behind this effect of
age at onset of diabetes is unclear and may reflect different
mechanisms of autoimmunity due probably to triggering
environmental factors (i.e. changes in the diet of the pups) or
to the maturation of the immune system.

Our results suggest a possible mechanism of accelerated B
cell destruction through IFN-f driven by NK cells, triggered
by a viral infection or acute inflammation. Additional studies
of the role of NK cells in accelerated T1D could help to
understand its function in autoimmunity.
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