
MAdCAM-1 is needed for diabetes development mediated by the
T cell clone, BDC-2�5

Introduction

The spontaneous development of diabetes in non-obese

diabetic (NOD) mice has been shown to require the

functional activity of both CD4+ and CD8+ T cells.

Successful transfer of Type 1 diabetes by T cells from a

NOD donor mouse to neonatal or lymphopenic recipi-

ents has also been shown to require both subsets of T

cells.1–4 However, despite using both CD4+ and CD8+

T cells the efficiency of the transfer of diabetes to

young recipients has been found to fall when the recip-

ients are greater than 3 weeks of age. This inability to

transfer diabetes into intact recipients over the age of

3 weeks has been attributed to the presence of regula-

tory T cells. Recent studies have emphasized the

importance of a neonatal window of lymphopenia,5

suggesting the possibility that the efficiency of diabetes

transfer into mice less than 3 weeks of age is due to

their lymphopenic status.

The NOD-derived islet-reactive CD4+ T cell clone,

BDC-2�5, is able to transfer diabetes to neonatal NODs

but fails to transfer disease to either adult NOD or NOD

scid recipients. This clone is, however, able to transfer

diabetes to adult NOD scid recipients if CD8+ splenic T

cells from a diabetic donor are transferred with it.6 As

this mirrors the requirements for disease transfer in NOD

mice, we initiated studies using the BDC-2�5 clone to try

to understand the role of CD8+ T cells in the develop-

ment of Type 1 diabetes. We find that the requirement

for CD8+ T cells for diabetes induction by the BDC-2�5 T

cell clone is restricted to adult mice. We show further-

more that the success of neonatal disease induction with

this T cell clone is dependent on the expression of

MAdCAM-1, highlighting the importance of trafficking in

diabetes development.

Materials and methods

Animals

NOD and NOD scid mice were maintained in the Bio-

logical Services facility of the Department of Pathology

at the University of Cambridge. They received standard

laboratory food and water ad libitum. NOD scid mice

were maintained in micro-isolator cages with filtered

air and handled under sterile conditions in a laminar

flow hood. All animal experiments were approved by

the Ethical Review Committee of the University of

Cambridge.

Antibodies for in vivo treatment

The hybridomas YTS191�1.2 (anti-CD4), YTS156 (anti-

CD8a), YTS169 (anti-CD8b) and YTH34�5 (a rat IgG2a
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Summary

The NOD-derived islet-reactive CD4+ T cell clone, BDC-2�5, is able to

transfer diabetes to neonatal non-obese diabetic (NOD) mice but is

unable to transfer disease to either adult NOD or NOD scid recipients.

Transfer of diabetes to adult recipients by BDC-2�5 is only accomplished

by cotransfer of CD8+ T cells from a diabetic donor. To understand why

this CD4+ T cell clone is able to mediate diabetes in neonatal but not the

adult recipients we examined the ability of the clone to traffic in the dif-

ferent recipients. Our studies showed that MAdCAM-1 has a very differ-

ent expression pattern in the neonatal and adult pancreas. Blockade of

this addressin prevents the clone from transferring diabetes to neonatal

mice, suggesting that the differential pancreatic expression of MAdCAM-1

in neonatal and adult pancreas provides an explanation of the differences

in diabetes development.
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isotype control) were obtained from Professor Herman

Waldmann (Oxford, UK). MECA-367 (anti-MAdCAM-1)

[American Type Culture Collection (ATCC) no. HB-

9478] was obtained from ATCC. All hybridomas were

grown in our own laboratory in hollow fibre cartridges.

Antibodies were purified by precipitation with 50% satur-

ated ammonium sulphate and dialysed extensively against

phosphate buffered saline (PBS). An estimate of total pro-

tein was determined from the OD280. Antibody concen-

trations were determined by an anti-rat immunoglobulin

enzyme-linked immunosorbent assay (ELISA). The endo-

toxin levels were < 1 EU/mg protein and the preparations

were stored at ) 20� until use.

In vivo antibody treatment

For experiments involving the addition of splenic CD8+

T cells to the clone transfer in adult recipients, sponta-

neously diabetic female donors were treated with three

intraperitoneal (i.p.) injections, on alternate days, of

1 mg of a depleting anti-CD4 antibody (YTS191) to

provide CD8+ T cells for the transfers. CD4+ T cells

were from diabetic female donors treated with three

i.p. injections on alternate days of 1 mg of a depleting

anti-CD8 antibody (YTS169). To deplete CD8+ T cells

from neonates, groups of mice were treated i.p. with

500 lg YTS156 and YTS169 on days ) 1, 1 and 3 of

the clone transfer. To block MAdCAM-1, MECA 367

(500 lg) was given to neonates on days 0, 2 and 4 of

the clone transfer. All injections of the clone or anti-

body were given i.p.

Antibodies for immunohistochemistry

Some of the hybridoma lines used for immunohistochem-

istry were grown under standard tissue culture conditions

and spent supernatants were harvested. Anti-CD3 (KT3)

and anti-CD4 (KT4) were from Dr K. Tomonari (Japan),

anti-CD8 (YTS105) was from Professor H. Waldmann

(Oxford, UK) and anti-ICAM-1 (YNI/1�7.4) (ATCC No.

CRL-1878) and anti-MAdCAM-1 (MECA-367) (ATCC

no. HB-9478) were obtained from ATCC. Unless stated

otherwise, all other antibodies were obtained from

Pharmingen (Becton Dickinson UK Ltd, Oxford, UK).

Immunohistochemistry

Tissues were removed at sacrifice and snap-frozen in iso-

pentane. Five-micrometre cryostat sections were air-dried

and fixed in acetone for 10 min. Air-dried sections were

stored at ) 80�.
Pancreatic b cells were detected by preblocking sections

with 20% normal mouse serum (NMS) followed by incu-

bation with guinea pig anti-porcine insulin (Dako, High

Wycombe, UK) in 10% NMS and detected by rhodami-

nated goat anti-guinea-pig IgG (ICN Pharmaceuticals,

Thame, UK) in 10% NMS. Adhesion molecules and CD3

were detected using the appropriate monoclonal antibod-

ies and visualised with fluorescein isothiocyanate (FITC)

goat ant-irat Ig (Serotec, Kidlington, UK).

Propagation of the BDC-2�5 clone

The diabetogenic T cell clone was derived from the spleen

and lymph nodes of newly diabetic female mice, as des-

cribed previously.7 Cultures were re-stimulated every 2

weeks by combining 1 · 106 T cells, 2�5 · 107 antigen-pre-

senting cells (APC) (irradiated NOD spleen cells), 10 lg b
cell membrane antigen8 and human recombinant interleu-

kin (IL)-2 (1000 units) in 20 ml of culture medium

(IMDM) supplemented with 10% fetal bovine serum. To

expand cultures for the disease transfer experiments, the

20 ml volume containing the 4-day culture was transferred

to a larger flask with 50 ml of new culture medium, con-

taining more IL-2 (3500 units) for a further 4 days. T cells

were washed and resuspended in sterile PBS for injection.

Disease transfer by the BDC-2�5 clone

For each experiment, litters of young NOD or NOD scid

mice (4–11 days old) were injected i.p. with 1 · 107 T

cells. Recipient mice were tested daily from day 4

onwards for glucose in the urine using Diastix (Bayer

Diagnostics, Basingstoke, UK). In clone transfer studies in

adult mice, recipients were 8 weeks of age and cells were

injected intravenously (i.v.).

Flow cytometric analysis

Immunofluorescent staining and flow cytometric analy-

sis were used to look for the presence of a4 and b7

integrins on the BDC-2�5 clone. MAC 219 (a rat IgG2a

isotype control) was obtained from Dr Geoff Butcher

(Babraham, UK) and was used to assess background

staining. Anti-a4 integrin was detected with the clone

R1-2 and anti-b7 integrin with the clone M293, both

from Pharmingen (Becton Dickinson UK Ltd, Oxford,

UK). After incubation with the purified antibodies, bi-

otinylated rabbit anti-rat IgG (Vector, Burlingame, CA)

was added followed by streptavidin–phycoerythrin (PE)

(Pharmingen, Becton Dickinson). Cells were analysed

using FACScan and CELLQuestTM software (Becton

Dickinson).

Statistics

Statistical analysis was performed with GraphPad

Prism using a Kaplan–Meier survival curve and log-rank

test. Results were considered significant if P-values

were � 0�05.
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Results

CD8+ T cells are required for BDC-2�5-induced
diabetes in adult NOD scid but not in neonates

The CD4+ T cell clone, BDC-2�5, has been shown to

transfer diabetes to neonatal NOD mice but requires the

presence of CD8+ T cells to transfer diabetes to adult

NOD scid recipients (Fig. 1a).6 Neither the CD4-depleted

nor CD8-depleted spleen cells from a diabetic donor were

able to transfer diabetes on their own. This suggested that

CD8+ T cells may play a functional role in the induction

of beta cell destruction. We decided to see if CD8+ T cells

had a role in the induction of beta cell destruction in

neonatal NOD mice. When neonatal NOD recipients were

depleted of CD8+ T cells by in vivo antibody treatment,

BDC-2�5 was still able to transfer diabetes (Fig. 1b). There

was no significant difference between the controls and the

anti-CD8-treated mice (P ¼ 0�30). The lack of a require-

ment for CD8+ T cells in this neonatal transfer was con-

firmed by the ability of the clone to transfer diabetes to

neonatal NOD scid recipients (Fig. 1c). These differences

between neonatal and adult transfer are not attributable

to the different routes of T cell transfer in the recipients,

as the same results are seen when T cells are injected i.p.

in the adult, the route employed when injecting neonatal

recipients (data not shown). These observations have been

reproduced several times.

BDC-2�5 shows differential trafficking in neonatal
and adult NOD mice

In the absence of CD8+ T cells, the BDC-2�5 clone cells

are undetectable in the pancreas of the adult recipient,

suggesting that they completely fail to traffic to that site.

On the other hand, the cells can be detected in the pan-

creas within 24 hr following clone transfer into a neonatal

NOD recipient.9 This was a reproducible finding.

MAdCAM-1 is expressed at high levels in the
neonatal pancreas

As there were clear differences between clone access to

the adult and neonatal pancreas, this suggested trafficking

differences into the pancreas. Addressin expression in

adult and neonatal pancreas was therefore examined.

Immunohistochemical analysis of the neonatal and

adult NOD mouse pancreas for expression of addressins

revealed differences in the expression patterns in the two

age groups. Sections of pancreas and adjacent tissues were

taken at different time-points after birth and analysed by

immunohistochemistry for expression of MAdCAM-1,

PECAM-1, ICAM-1 and VCAM-1. Although both the

lymph node adjacent to the pancreas and the gut showed

high levels of expression of MAdCAM-1, PECAM-1 and

ICAM-1, VCAM-1 was detected only in the lymph node.

In the neonatal pancreas, MAdCAM-1 and PECAM-1

were both expressed clearly while ICAM-1 was expressed

at a lower level and VCAM-1 expression was absent

(Fig. 2a). Changes in this neonatal pattern of expression

were noted by 18 days of age. Although PECAM-1 and

ICAM-1 were expressed at levels comparable to that seen
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Figure 1. (a) The BDC-2�5 clone cannot cause diabetes in adult

non-obese diabetic (NOD) scid recipients in the absence of CD8+ T

cells. The BDC-2�5 T cell clone was transferred to 8-week-old male

NOD scid recipients, either alone or with cells from a diabetic donor:

CD8+ T cells (CD4 depleted) or CD4+ T cells (CD8 depleted). Con-

trol mice received spleen cells, CD4+ T cells or CD8+ T cells all from

diabetic donors. This result was reproduced several times in two dif-

ferent laboratories. (b) The BDC-2�5 clone initiates diabetes in neo-

natal NOD mice in the absence of CD8+ T cells. BDC-2�5 cells

(1 · 107) were transferred into 7-day-old NOD recipients, some of

which received the clone alone (n ¼ 14) and others (n ¼ 15) were

treated with depleting anti-CD8 antibodies. Analysis of spleens and

lymph nodes of the treated mice showed an absence of CD8+ T cells

(data not shown). (c) The BDC-2�5 clone initiates diabetes in neo-

natal NOD.scid mice. BDC-2�5 clone cells (1 · 107) were injected

intraperitoneally into neonatal NOD scid recipients (n ¼ 8).
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in neonatal pancreas, the expression of MAdCAM-1 was

much reduced in the pancreas but was still expressed in

the pancreatic draining lymph node (Fig. 2b). VCAM-1

expression remained undetectable in the pancreas. All the

adhesion molecules could be detected in the marginal

zone of the spleen (Fig. 2b). Further examination of pan-

(a)

PECAM-1

ICAM-1

VCAM-1

MAdCAM-1

Pancreas

Pancreatic 
lymph 
node

gut

MAdCAM-1 ICAM-1 PECAM-1 VCAM-1(b)

Pancreas 

Pancreatic 

lymph 

node

Spleen

CD3 and insulin MAdCAM-1 and insulin

(d)(c)

NOD pancreas: 2 d NOD pancreas: 7 d 

Biozzi pancreas: 7 d 

NODscid pancreas: 8 d NODscid pancreas: 8 w 

NOD pancreas: 18 d 

CBA/J pancreas: 7 d 

NODscid PLN: 8 w 

(e)

ICAM-1 VCAM-1(i)

(ii)

(iii)

528 � 2005 Blackwell Publishing Ltd, Immunology, 116, 525–531

J. M. Phillips et al.



creatic MAdCAM-1 expression showed a gradual diminu-

tion of expression from day 2 until 18 days after birth. In

7-day-old mice, identical patterns of pancreatic expression

of MAdCAM-1 were seen in Biozzi and CBA/J mice to

those in NOD mice (Fig. 2c). This suggests that early

high levels of expression of MAdCAM-1, followed by

its disappearance around 18 days of age, is a normal

sequence of events and is not restricted to autoimmune-

prone mice. The observation that comparable results were

seen in both NOD and NOD scid mice demonstrated that

this profile of MAdCAM-1 expression is independent of

the presence of lymphocytes (Fig. 2c). High-level expres-

sion of MAdCAM-1 remains in the pancreatic draining

lymph nodes (Fig. 2b,c). High expression levels of both

ICAM-1 and VCAM-1 are seen in the neonatal pancreas

when diabetes is induced by transfer of the T cell clone

BDC2�5 (Fig. 2d). Although there is little MAdCAM-1

expression in the adult pancreas it is known to be

induced during inflammation.10 However, this pattern of

induced expression in the adult pancreas is seen at focal

sites of inflammation and contrasts with that seen in the

normal neonatal pancreas where expression is distributed

evenly throughout the pancreas on the microvasculature.

Such expression of MAdCAM-1 was visible at 26 days of

age in a NOD recipient of the BDC-2�5 clone (16 days

after injection) (Fig. 2e), although its more restricted

appearance in the islet area, rather than uniformly

throughout the pancreas on the microvasculature, was

more like that seen in an adult NOD with insulitis.10,11

MAdCAM-1 plays a role in diabetes induction
by BDC-2�5

The ability of the clone to transfer diabetes to neonatal

recipients is restricted to the first 2 weeks of life. We have

shown that although MAdCAM-1 expression remains

high in the pancreatic lymph nodes of adult mice, in the

pancreas itself it is restricted to this narrow neonatal time

window. We therefore determined whether the BDC-2�5
T cell clone requires MAdCAM-1 to access the pancreas.

First we tested the BDC-2�5 clone for the presence of

integrins which might interact with MAdCAM-1. We

confirmed the presence of a4 and b7 integrins as well as

the conformational epitope a4b7 (LPAM) recognized by

the antibody DATK32 (Fig. 3). CD62L, which is also

known to interact with MAdCAM-1, was absent from

these cells (data not shown).

Figure 2. A variety of tissues from young mice were snap-frozen and sections stained for insulin (red fluorescence) and adhesion molecules or

CD3 (green fluorescence). All photomicrographs were taken using a · 20 objective lens. (a). Expression of MAdCAM-1, PECAM-1, ICAM-1 and

VCAM-1 in 4-day-old non-obese diabetic (NOD) mice. Serial sections from a 4-day-old NOD mouse showing pancreas, pancreatic lymph node

and gut in each section were stained with antibodies to detect expression of MAdCAM-1, PECAM-1, ICAM-1 and VCAM-1 as indicated.

(b). Expression of MAdCAM-1, PECAM-1, ICAM-1 and VCAM-1 in 18-day-old NOD mice. Serial sections of pancreas, lymph node and spleen

from an 18-day-old NOD mouse were stained for expression of adhesion molecules as indicated. (c). Expression of MAdCAM-1 at different

ages and in different strains. Sections of pancreas, spleen or lymph node were stained with anti-MAdCAM-1 antibody. Sections stained were of

(i) pancreas from 2-day-, 7-day- and 18-day-old NOD mice; (ii) pancreas from 7-day-old CBA/J and Biozzi mice; (iii) pancreas from 8-day-old

and 8-week-old NOD scid mice, pancreatic lymph node from an 8-week-old NOD scid mouse. (d). ICAM-1 and VCAM-1 are up-regulated after

infiltration of the BDC-2�5 clone. Sections of pancreas from a mouse that was injected intraperitoneally (i.p.) with BDC-2�5 clone cells (1 · 107)

at 7 days of age. The pancreas was taken 3 days later and sections stained for expression of ICAM-1 and VCAM-1. (e). MAdCAM-1 was visible

at 26 days of age in a NOD recipient of the BDC-2�5 clone. BDC-2�5 clone cells (1 · 107) were injected i.p. into NOD recipients aged 9 days.

Sixteen days after injection of the clone the pancreas was removed, processed for histology and sections stained for expression of MAdCAM-1.
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Figure 3. Expression of a4 and b7 integrins on the BDC-2�5 clone.

BDC-2�5 clone cells were stained for expression of a4 and b7

integrins as well as the conformational epitope a4b7 (LPAM) using

antibodies, as indicated in Materials and methods.
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Figure 4. MAdCAM-1 blockade prevents BDC-2�5 clone transfer of

diabetes to neonatal recipients. BDC-2�5 clone cells (1 · 107) were

injected intraperitoneally into neonatal non-obese diabetic (NOD)

scid recipients. Anti-MAdCAM-1 (MECA 367) (500 lg) was given to

one group on days 0, 2 and 4. The other group received control

antibody.
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We then administered anti-MAdCAM-1 antibody

(MECA-367) to groups of neonatal recipients of the clone

and found this to consistently significantly reduce the

development of Type 1 diabetes compared to recipient

groups that received control antibody. Figure 4 shows the

pooled data from several experiments demonstrating the

significant prevention of diabetes by MAdCAM-1 block-

ade (P < 0�0001). This shows that expression of MAd-

CAM-1 is important for T cell trafficking into the

pancreas during the neonatal period.

Discussion

The spontaneous onset of Type 1 diabetes in NOD mice

requires the presence of both CD4+ and CD8+ T cells.

This requirement for both T cell populations is also seen

when diabetes is transferred by splenic T cells from a dia-

betic donor to either neonatal or irradiated adult NOD

recipients. It has been suggested that CD8+ T cells are

required for the priming and activation of islet-specific

CD4+ T cells, as insulitis does not occur in their

absence.12 The observation that the CD4+ T cell clone

BDC-2�5 also requires the presence of CD8+ T cells to

transfer Type 1 diabetes to adult recipients prompted us

to examine the requirement for CD8+ T cells in the trans-

fer of diabetes by the T cell clone to neonatal recipients.

Our finding that CD8-depleted or NOD scid neonatal

recipients developed Type 1 diabetes rapidly on BDC-2�5
clone transfer means that the CD8+ T cell requirement is

age-dependent. The inability to induce diabetes in adult

NOD scid mice in the absence of CD8+ T cells suggests

that successful transfer in a neonatal mouse is not attrib-

utable to the simple ability to expand homeostatically in

the neonatal lymphopenic environment.5 There are data

suggesting that trafficking might be different in the neo-

natal period, permitting T cell access to peripheral tis-

sues.13 Experiments of Hanninen and colleagues had

suggested a role for MAdCAM-1 at different points dur-

ing the progression towards diabetes onset.14 This addres-

sin was proposed to be used initially to access the site of

T cell priming and ultimately to access the pancreas. The

expression of MAdCAM-1 on the pancreatic draining

lymph nodes remains the same in both neonates and

adult NOD mice. Our analysis, however, of addressin

expression in the pancreas of neonates and adults revealed

a marked difference in MAdCAM-1 expression. The pan-

creas is derived embryonically from the foregut and may

have retained MAdCAM-1 expression neonatally as a con-

sequence of its origin. MAdCAM-1 expression is reduced

markedly by day 18 unless inflammation is present. Its

expression remains high in transgenic mice expressing

interferon (IFN)-c in the pancreatic b cells15 and MAd-

CAM-1 expression is increased in the islet area when an

inflammatory insulitis develops prior to diabetes onset in

NOD mice.10,16

Many of the T cells accumulating in the early infiltrates

in NOD mice were found to express a4b7.17 BDC-2�5
cells have also been shown to express this integrin

(Fig. 3).18 As this T cell clone is already primed and

expresses a4b7, it is enabled to access the neonatal pan-

creas by interaction with MAdCAM-1. The ability of

MAdCAM-1 blockade to inhibit diabetes development

following T cell clone transfer to neonatal mice confirms

its involvement in the trafficking of the clone. In contrast

to the neonate, MAdCAM-1 expression was almost un-

detectable in the adult pancreas in the absence of inflamma-

tion. This suggests that at least one possible way by which

CD8+ T cells aid diabetes onset in adult recipients might be

through facilitating clone trafficking to the pancreas.

MAdCAM-1 has been shown to be involved in the

spontaneous development of Type 1 diabetes in NOD

mice, as either antibody to this addressin or to its inte-

grin ligand prevents disease onset.14,19,20 In addition to its

role in facilitating diabetes onset, it is possible that neo-

natal expression of MAdCAM-1 may be important for the

development of peripheral tolerance. Under normal cir-

cumstances it might be important for naı̈ve T cells to

traffic into peripheral tissues early in neonatal life. The T

cells may then be exposed to self-antigens in a non-

inflammatory environment which would lead to periph-

eral self tolerance either through anergy or the

development of regulatory T cells.13
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