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Introduction

Summary

An important prerequisite for development of insulitis and B-cell destruction
in type 1 diabetes is successful transmigration of autoreactive T cells across
the islet endothelium. Previous work suggests that antigen presentation to T
cells by endothelium, which requires endothelial cell expression of major
histocompatibility complex (MHC) molecules, promotes tissue-specific T cell
migration. We therefore tested the hypothesis that the level of endothelial
MHC class I molecule expression in diabetes-prone mice directly influences
autoreactive CD8 T cell migration. We investigated the immune phenotype of
endothelial cells, focusing on endothelial MHC class I molecule expression in
a range of different tissues and mouse strains, including non-obese diabetic
(NOD) mice. In addition, we examined whether the level of expression
of MHC class I molecules influences autoantigen-driven CD8 T cell
transmigration. Using endothelial cell lines that expressed ‘high’® (NOD
mouse), medium (NOD X C3H/He]J F, generation mice) and no (C3H/He]J)
H-2K¢, we demonstrated in vitro that MHC levels have a profound effect on
the activation, adhesion and transmigration of pathogenic, islet autoreactive
CD8 T cells. The expression level of MHC class I molecules on endothelial
tissues has a direct impact upon the efficiency of migration of autoreactive T
cells. The immune phenotype of microvascular endothelium in NOD mice
may be an additional contributory factor in disease predisposition or devel-
opment, and similar phenotypes should be sought in human type 1 diabetes.
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increased expression of MHC class I molecules, and induc-
tion of MHC class IT molecules on the islet microvasculature,

Transendothelial migration and recruitment of autoreactive
T cells into the pancreatic islets is a critical event during the
development of chronic insulitis in type 1 diabetes. The T
cell/endothelial cell (EC) interactions that precede the suc-
cessful entry of activated T cells into the islets are not known
precisely and continue to be unravelled. In addition to con-
ventional adhesion molecule and chemokine receptor/ligand
interactions [1], it has been proposed that cognate antigen
presentation by ECs to T cells through peptide—major histo-
compatibility complex (MHC) : T cell receptor (TCR) inter-
action is an important determinant for the development of
chronic inflammation and autoimmunity [2-6]. It follows
from this proposal that the density of MHC molecule or
adhesion molecule expression by ECs could impact upon the
tendency for autoreactive T cells to transmigrate. Indeed,

is a recognized but unexplained feature of the insulitic lesion
in human type 1 diabetes [7-9].

The non-obese diabetic (NOD) mouse is a useful model
with which to investigate this hypothesis, as it is character-
ized by multi-organ infiltration by autoreactive T cells [10].
In order to establish whether NOD mouse ECs are endowed
with an immune phenotype that may enable them to interact
with autoreactive T cells, we carried out a comprehensive
analysis of EC phenotype in different tissues. These com-
parative analyses revealed tissue-specific differences in the
expression of adhesion molecules as well as MHC class I
molecules. Our study also demonstrates the importance of
EC-associated MHC class I molecules expression for the pre-
sentation of antigen to CD8 T cells and their subsequent
adhesion and migration.
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Research design and methods

Isolation, culture and phenotypic analysis of
murine EC

Murine ECs were purified from heart, lung, aorta and
thymus of female NOD mice from our own colony [11-14]
of C3H/He] and BALB/c mice (purchased from the Jackson
Laboratory, Kent, UK) aged 4-6 weeks as described [6], with
in-house modifications. F, generation NOD x C3H/He]
mice were derived in-house and studies carried out with the
approval of the Institute’s Ethical Review Board according to
UK Home Office guidelines. EC purity was confirmed by
surface expression of EC markers CD105, CD31 (Serotec,
Oxford, UK) and isolectin B4 (Vector Laboratories, Peter-
borough, UK), as determined by flow cytometry (typically
95-100% for all). For all experiments confluent monolayers
of ECs were used at passages 4-5.

Unstimulated, resting ECs were also analysed for expres-
sion of CD62E (Serotec), intercellular adhesion molecule-1
(ICAM-1) (BD Pharmingen, Oxford, UK), inducible co-
stimulator ligand (ICOS-L) (EBioscience, Wembley, UK),
programmed death ligand-1 (PDL-1) (EBioscience), I-A
(NOD mouse MHC class 1I) (BD Pharmingen), H2-K“
(NOD and BALB/c mouse) (Serotec and BD Pharmingen)
and H2-K* (C3H/He] mouse) (Serotec).

Functional interaction between ECs and pathogenic
CDS8 T cells

Splenocytes from 8-:3 TCR—transgenic (Tg) NOD mice were a
kind gift from Dr Pere Santamaria (Faculty of Medicine,
University of Calgary) [15]. These splenocytes are enriched
for CD8 T cells specific for islet glucose-6-phosphatase cata-
lytic subunit-related protein (IGRP) IGRP2s14, @ dominant
cytotoxic T cell epitope in NOD mice recognized in the
context of H2-K® Naive splenocytes were expanded with
2 umol/l of the IGRPy1; mimotope peptide (KYNKAN-
VFL; Thermo Electron GmbH, Ulm, Germany) and on day 3
recombinant murine interleukin-2 (R&D, Abingdon, UK)
was added (3 ng/ml). Expanded CD8 T cells were used in
functional assays when proliferation ceased (typically day 8)
and were ~100% CD8" by flow cytometry.

To examine the interaction between 8-:3 TCR-Tg CD8 T
cells and ECs, peptide-expanded splenocytes were labelled
with 2 umol/l carboxyfluorescein diacetate succinimidyl
ester (CFSE) (Molecular Probes, Leiden, the Netherlands).
Confluent NOD and NOD x C3H/He] F, mouse ECs in
96-well flat-bottomed plates were pulsed with 2 umol/l
KYNKANVFL or control peptide (insulin B9-17), selected as
being derived from an islet autoantigen and having equiva-
lent predicted binding to H2-K? as KYNKANVFL, both score
23 using the SYFPEITHI algorithm [16] for 2 h at 37°C. ECs
were washed and CFSE-labelled splenocytes added (2 x 10°
cells/well) and co-cultured for 2—4 days, after which cells

were harvested, washed and analysed for CFSE dilution by
flow cytometry.

To examine the ability of ECs to support 8-3 TCR-Tg CD8
T cell adhesion NOD and NOD x C3H/HeJ F, mouse ECs
were grown to confluence on 96-well flat-bottomed plates,
pulsed with 2 umol/l KYNKANVEFL or control peptide for
2 h at 37°C, washed and 83 TCR-Tg CD8 T cells (3 x 10°
cells/well) seeded on top. After 30 min at 37°C, non-adherent
cells were removed by washing each well thrice with warm
medium and counted in triplicate by two independent
observers. The percentage of cells bound was calculated as
number of non-adherent cells/total number of input
cells x 100%.

T cell migration assays were carried out using transwells as
described [2] with confluent, peptide-pulsed NOD and
NOD x C3H/HeJ F, mouse ECs (3 x 10*/well); 8:3 TCR-Tg
CD8 T cells (3 x 10° cells/well) were seeded on top of ECs
and allowed to migrate over 2 h. Migrated cells were col-
lected from the lower chamber and counted at 15, 30, 60, 90
and 120 min, in triplicate, by two independent observers.
Migrated cells were calculated as: (number of migrated cells/
total number of input cells) X 100%.

Statistical analysis

Intergroup comparisons of T cell adhesion and migration
across ECs under different experimental conditions were
made using Student’s t-tests; P-values < 0-05 were consid-
ered statistically significant. Statistical analyses were per-
formed using GraphPad Prism 4 software.

Results

Tissue-specific EC heterogeneity in the expression of
adhesion and co-stimulatory molecules

Aortic, heart, lung and thymic ECs from NOD mice were
compared for the expression of E-selectin, ICAM-1, ICOS-L
and PDL-1. As shown in Fig. 1, there is tissue-specific het-
erogeneity in the basal expression of both adhesion and
co-stimulatory molecules. The expression level of E-selectin
on thymic ECs was significantly higher (**P < 0-001) than
levels expressed on aortic, heart and lung ECs. Similarly,
there were significant differences in ICAM-1 expression
among all tissues examined. ICOS-L did not differ signifi-
cantly while PDL-1 levels on thymic ECs were significantly
higher than PDL-1 expressed on aortic, heart and lung ECs
(**P < 0-001).

Tissue-specific EC heterogeneity in the expression of
MHC molecules

Aortic, heart, lung and thymic ECs from NOD mouse were
compared for the expression of MHC class II (I-A) and
MHC class I (H2-K) (Fig. 2a and b). NOD mouse ECs did
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Fig. 1. Tissue-specific expression of adhesion and co-stimulatory molecules. Figure shows comparative flow cytometric analyses of E-selectin (a),
intercellular adhesion molecule-1 (ICAM-1) (b), inducible co-stimulator ligand (ICOS-L) (c) and programmed death ligand-1 (PDL-1) (d) on
aortic, heart, lung and thymic endothelial cells (ECs) derived from non-obese diabetic (NOD) mouse. The mean fluorescence intensity (MFI) of
each peak is shown in parentheses. Empty histograms represent isotype control staining. Study data are representative of at least three separate flow
cytometric analyses carried out on ECs from at least five independent sets of experiments (where one set of experiments is the characterization of
ECs isolated from three mice). Cumulative data from these independent experiments are represented in (e), and show significantly higher values for
E-selectin and PDL-1 on thymic EC (**P < 0-001); ICAM-1 levels were significantly heterogeneous among the tissues examined. Bars represent
means of MFIs; error bars represent standard error of the mean (s.e.m.).

not express MHC class II basally, regardless of tissue of Strai ific EC het itv in th . ¢
origin. MHC class I, on the other hand, was expressed on ECs rai-spectiic cterogeneity i the expression o

from all the tissues analysed with tissue-specific differences MHC class I molecules

in the level of expression. Heart and thymic ECs differed Aortic, heart and lung ECs from NOD (H2-K¢) and BALB/c
significantly from aortic and lung ECs in the expression of (H2-K%) mouse strains were compared for the expression of
H2-K¢ (***P < 0-0001). MHC class I molecules. As shown in Figs 2 and 3, NOD
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Fig. 2. Tissue-specific expression of major histocompatibility complex (MHC) molecules. Figure shows comparative flow cytometric analyses of
MHC class IT (a) and MHC class I (b) molecules on aortic, heart, lung and thymic endothelial cells (ECs) derived from non-obese diabetic (NOD)
mouse. The mean fluorescence intensity (MFI) of each peak is shown in parentheses. Empty histograms represent isotype control staining. Study

data are representative of at least three separate flow cytometric analyses carried out on ECs from at least five independent sets of experiments

(where one set of experiments is the characterization of ECs isolated from three mice). Cumulative data from these independent experiments are

represented in (c), and show significant heterogeneity in MHC class I expression (***P < 0-0001) among the tissues examined. Bars represent means

of MFIs; error bars represent standard error of the mean (s.e.m.).

mouse ECs, with the exception of thymic ECs (for thymic
ECs see Fig. 2b), expressed consistently high levels of H2-K¢
(Fig. 3a). For comparison, we isolated ECs from BALB/c
mice, a strain expressing the same H2-K! allotype as the
NOD mouse, in order to examine whether the high basal
expression of H2-K molecules on NOD mouse ECs
is haplotype-related. Interestingly, BALB/c mouse ECs
expressed lower levels of H2-K compared with ECs from the
NOD mouse ECs (Fig. 3b). In summary, levels of H-2K mol-
ecule expression on ECs from aorta, heart and lung were
significantly higher in NOD mice than in the BALB/c mouse
strain (***P < 0-0001).

Functional consequence of MHC class I molecule
expression on ECs

In order to study the functional consequence of basal expres-
sion of MHC class I on NOD mouse ECs in relation to

122

autoreactive T cells, we generated ECs from NOD x C3H/
He] F, mice that expressed levels of H2-K* mid-way between
the NOD and C3H/He]J (which is H2-K9-negative; Fig. 4a).
For functional assays we chose heart ECs as they did not
differ significantly in the basal expression of adhesion mol-
ecules such as E-selectin and ICAM-1, as shown in Fig. 4b
and c.

Heart ECs expressing higher (NOD), moderate (NOD x
C3H/He] F,) and minimal (C3H/He]J) basal levels of MHC
class I molecules were used in order to examine their relative
ability to support the proliferation, adhesion and transmi-
gration of 8:3 TCR-Tg CD8 T cells. These T cells proliferated
earlier and to a greater extent when co-cultured with resting
KYNKANVFL-pulsed NOD mouse ECs compared with
similarly treated NOD x C3H/HeJ F, mouse ECs (Fig. 5).
Similarly, a significantly greater number of 8-3 TCR-Tg
CD8 T cells adhered to and migrated across resting
KYNKANVFL-pulsed NOD mouse ECs compared with
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Fig. 3. Tissue- and strain-specific expression of major histocompatibility complex (MHC) class I. Figure shows comparative flow cytometric

analyses of MHC class I expression (shaded histogram) on aortic, heart and lung endothelial cells (ECs) derived from non-obese diabetic (NOD)
(H2-K?) (a) and BALB/c mouse strains (b). The mean fluorescence intensity (MFI) of each peak is shown in parentheses. Empty histograms

represent isotype control staining. Study data are representative of at least three separate flow cytometric analyses carried out on ECs from at least

five independent sets of experiments (where one set of experiments is the characterization of ECs isolated from three mice). Cumulative data from

these independent experiments are represented in (c), and show significantly higher values for H2-K¢ expression by NOD mouse aortic, heart and
lung ECs compared with BALB/c mouse aortic, heart and lung ECs (***P < 0-0001). Bars represent means of MFIs; error bars represent standard

error of the mean (s.e.m.).

NOD x C3H/He]J F, mouse ECs (P < 0-001; Fig. 6a and b).
These differences are unlikely to be due to differential
expression of other adhesion molecules, as heart ECs derived
from NOD and NOD x C3H/He]J F, mice expressed compa-
rable levels of ICAM-1 and E-selectin (Fig. 4b and c).

Discussion

In this study, we demonstrate that the level of MHC class I on
NOD mouse ECs influences the magnitude and efficiency of
CD8 T cell proliferation, adhesion and transmigration.
Because ECs were isolated from NOD mice at ages 4—6
weeks, when organ inflammation is minimal or absent, it is

unlikely that the higher MHC class I expression observed
was due to the in vivo action of proinflammatory mediators.
Moreover, establishment of EC lines from older mice, up to
16 weeks of age, gave similar levels of MHC expression (data
not shown) and high MHC class I expression was retained
in vitro for several passages (up to six), which suggests a
stable phenotype.

Our findings have direct relevance to the pathogenesis
of autoimmune diabetes in the NOD mouse. We used CD8
T cells with known islet-killing potential (from the 83
TCR-Tg mouse) to examine the functional consequence of
high resting NOD mouse MHC class I expression. Resting
NOD ECs were superior at presentation of cognate peptide as
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Fig. 4. Basal expression of major histocompatibility complex (MHC) class I on non-obese diabetic (NOD) x C3H F, mouse endothelial cells (ECs).
Figure shows H2-K¢ expression on heart ECs derived from NOD x C3H/He] F, (cross) mice (shaded histogram) (a). Empty histogram on the right
shows H2-K¢ expression on heart ECs derived from the NOD mouse. Empty histogram on the left shows H2-K expression on heart ECs derived
from C3H/He] mouse. (b) Comparative flow cytometric analyses of E-selectin and intercellular adhesion molecule-1 (ICAM-1) expression on heart
ECs derived from NOD and C3H/HeJ x NOD F; mouse. The mean fluorescence intensity (MFI) of each peak is shown in parentheses. Empty
histograms represent isotype control staining. Study data are representative of at least three separate flow cytometric analyses carried out on ECs
from at least three independent sets of experiments (where one set of experiments is the characterization of ECs isolated from three mice).
Cumulative data from these independent experiments are represented in (c), and show no significant difference in the expression of E-selectin and
ICAM-1 on NOD heart ECs compared with C3H/HeJ x NOD F, heart ECs. Bars represent means of MFIs; error bars represent standard error of

the mean (s.e.m.).

evidenced by the proliferative, adhesive and migratory
responses of the responding CD8 T cells, compared with ECs
expressing fewer MHC class I but comparable levels of con-
ventional adhesion and co-stimulatory molecules. These
findings support the hypothesis that the functional signifi-
cance of peptide-MHC presentation by ECs is to allow and
facilitate selective recruitment into tissue of T cells with
relevant antigen specificities [3,5,6]. Nevertheless, the
EC-associated peptide-MHC-driven T cell migration that we
describe in this paper represents one of a number of mecha-
nisms known to operate in vivo. For instance, the multi-step
process of T cell recruitment into sites of inflammation in vivo
requires the involvement of adhesion molecules and chem-
okines. Increased expression of adhesion molecules and
chemokines produced by the vascular endothelium plays a

crucial role in the target-specific homing of inflammatory
cells, with each chemokine attracting and activating specific
leucocyte subclasses. Thus, activation of human micro-
vascular ECs by proinflammatory stimuli induces the expres-
sion of CXCR3 ligands such as CXCL9, CXCL10 and CXCL11
[17], which greatly facilitate the extravasation into inflamed
tissues of activated CXCR3-expressing T cells. This process is
facilitated by EC-associated and secreted chemoattractants
including monocyte chemotactic proteins (CCL7, CCLS,
CCL13), regulated on activation normal T cell expressed and
secreted (CCL5), fractalkine (CX3CL1) and macrophage
inflammatory proteins (CCL3, CCL4) [18]. Investigating the
functional consequence of EC heterogeneity in the expression
of adhesion molecules and chemokines should be the focus of
future studies.
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Fig. 5. Analysis of the ability of non-obese diabetic (NOD) and NOD x C3H/He] F, endothelial cells (ECs) to support the proliferation of 8-3

T cell receptor—transgenic (TCR-Tg) CD8 T cells. Figure shows a differential ability of NOD and NOD x C3H F,; (cross) mouse ECs to support
the proliferation of carboxyfluorescein diacetate succinimidyl ester (CFSE)-labelled 8-3 TCR-Tg CD8 T cells as measured by a reduction in

CFSE staining intensity by flow cytometry. Proliferation of 8-3 TCR-Tg CD8 T cells was examined at days 2 and 4 following co-culture with
KYNKANVEFL peptide-pulsed ECs. Percentage figures in dot-plots refer to the percentage of CD8 T cells that proliferated in response to
KYNKANVFL. Gate was set on CFSE-labelled 8:3 TCR-Tg CD8 T cells cultured in the presence of control peptide to include < 0-5% proliferating
cells. Study data are representative of two separate experiments.

Our findings are in concert with those of Savinov et al.

[3], who demonstrated that in the NOD mouse islet-specific
homing of insulin-specific CD8 T cells is dependent in part
upon recognition of cognate MHC—peptide complexes pre-
sented by islet ECs, which are presumed to acquire insulin
from adjacent beta cells. Cross-presentation of insulin by
islet ECs was essential for islet infiltration and diabetes devel-
opment and islet-specific homing was abrogated in mice that
lack MHC class I expression on ECs or have impaired insulin
secretion [3]. It is interesting to note that Savinov et al. used
H2-K? restricted insulin-specific CD8 T cells to transfer dia-
betes into NOD.Rag1-KO and BALB/c mouse strains, both of
which express H2-K? and are free of pre-existent inflamma-
tion that could induce expression of adhesion molecules and

chemokines on ECs. Having transferred diabetes into these
strains successfully the authors reasoned that homing of the
insulin-specific CD8 T cells does not require pre-existing
inflammation. However, it is possible that high basal expres-
sion of H2-K¢ on islet ECs in both the NOD and BALB/c
mouse strains, as we have observed, facilitated diabetes
transfer in this study. Because of the technical challenge of
working with very small amounts of tissue, we did not char-
acterize NOD mouse ECs from pancreatic islets, but consid-
ering that most of the NOD microvascular ECs analysed
exhibited MHC class I hyperexpression compared with other
mouse strains, it is very likely that islet ECs would share such
a phenotype. Nevertheless, this issue needs to be addressed in
future studies.
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Fig. 6. Antigen-specific adhesion and transmigration of 8-3 T cell receptor—transgenic (TCR-Tg) CD8 T cells across non-obese diabetic (NOD) and
NOD x C3H/He] F; mouse endothelial cells (ECs). Figure shows the percentage of 8:3 TCR-Tg CD8 T cells that adhered to (a) and transmigrated
across KYNKANVEFL peptide- or control peptide Ins B9-17-pulsed NOD and NOD x C3H/He] F, (cross) ECs (b). Bars represent the mean
percentage of adhered and migrated cells measured in triplicate wells and error bars the standard error of the mean (s.e.m.). Significantly greater
percentage of 8:3 TCR-Tg CD8 T cells adhered to NOD mouse ECs compared with NOD x C3H/He] F; mouse ECs (P < 0-001). Similarly, a
significantly greater percentage of 8:3 TCR-Tg CD8 T cells migrated across NOD mouse ECs compared with NOD x C3H/HeJ F; mouse ECs

(P <0:005). Study data are representative of two separate experiments.

The MHC class I transcription is under the control of
regulatory promoter elements, including the region I
enhancer (A) element which regulates constitutive MHC
class I transcription and interferon-stimulated response
element (ISRE) responsible for cytokine inducible MHC
class I transcription [19]. A great variety of cells express
nuclear factors that bind the region I enhancer (A) sequence
of the MHC class I promoter such as nuclear factor-xB and
interferon regulatory factor which binds ISRE, and thus acti-
vate MHC class I transcription. Nucleotide sequence varia-
tion in the enhancer A and the ISRE as well as differences in
the expression level of the above nuclear factors in different
cell types may account for cell-type and MHC class I loci-
specific basal and inducible levels of MHC class I expression.

Pancreatic islet endothelial MHC class I hyperexpression
has been observed in humans with type 1 diabetes [7-9],
NOD mice [20] and the bio-breeding rat model of autoim-
mune diabetes [21], although its precise role or disease rel-
evance is not known. We and others have argued that MHC
class I hyperexpression and induced endothelial expression
of MHC class II molecules at inflamed sites, such as the islets
in type 1 diabetes, is a mechanism through which tissue-
specific migration of T cells is refined and promoted [2].
Evidence to support this has been derived from in vitro
studies, in which ECs demonstrate the ability to internalize,
process and present islet autoantigens such as glutamic acid
decarboxylase to responder CD4" T cells, and in so doing
enhance their transmigration [2]. The work of Savinov and
co-workers implies autoantigen presentation by ECs in vivo,
and the present study adds further weight to this aspect of
EC biology by linking an EC phenotype of MHC class 1
hyperexpression with an animal model of multi-organ
pathology. Future studies should examine the expression of
H2-K? on NOD islet ECs in vivo and its relevance to T1D.

High basal expression of H2-K* on islet ECs may work in
concert with other well-established factors that predispose
the NOD mouse to diabetes and other autoimmune
conditions.
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