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Abstract

Type 1 diabetes (T1D) develops due to autoimmune targeting of the pancreatic islet p-cells.
Clinical symptoms arise from reduced insulin in circulation. The molecular events and interactions
between discrete immune cell populations, infiltration of such leukocytes into pancreatic and islet
tissue, and selective targeting of the islet p-cells during autoimmunity and graft rejection are

not entirely understood. One protein central to antigen presentation, priming of immune cells,
trafficking of leukocytes, and vital for leukocyte effector function is the intercellular adhesion
molecule-1 (ICAM-1). The gene encoding ICAM-1 is transcriptionally regulated and rapidly
responsive (i.e., within hours) to pro-inflammatory cytokines. ICAM-1 is a transmembrane protein
that can be glycosylated; its presence on the cell surface provides co-stimulatory functions

for immune cell activation and stabilization of cell-cell contacts. ICAM-1 interacts with the
B2-integrins, CD11a/CD18 (LFA-1) and CD11b/CD18 (Mac-1), which are present on discrete
immune cell populations. A whole-body ICAM-1 deletion protects NOD mice from diabetes
onset, strongly implicating this protein in autoimmune responses. Since several different cell types
express ICAM-1, its biology is fundamentally essential for various physiological and pathological
outcomes. Herein, we review the role of ICAM-1 during both autoimmunity and islet graft
rejection to understand the mechanism(s) leading to islet p-cell death and dysfunction that results
in insufficient circulating quantities of insulin to control glucose homeostasis.
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1. Introduction

Pancreatic p-cells are housed within the islets of Langerhans and produce the protein
hormone insulin [1]. Islet p—cells are capable of remarkable adaptive responses, such as
increased insulin secretion and enhanced proliferation in response to pathophysiological
situations, such as insulin resistance [2—4]. Consequently, when the islet B-cells are rendered
dysfunctional or undergo cell death, this leads to insufficient quantities of insulin and
triggers clinical symptoms of diabetes [2, 5-7]. Type 1 diabetes (T1D) is generally referred
to as an autoimmune disease and the presence of auto-antibodies is one strategy to
distinguish this form of diabetes from Type 2 diabetes (T2D).

Because autoimmune diseases in general feature the presence of immune cells that target a
self-tissue, leading to dysfunction of the host tissue, there is major interest in understanding
the mechanistic underpinnings that lead to initiation and progression of such disease(s).
From the T1D perspective, there has never been a single trigger identified to explain onset in
susceptible individuals. What is generally agreed upon is that the number of auto-antibodies
present is an indicator of greater disease risk [8], that insulin in circulation is reduced to a
level that requires exogenous sources (e.g., from injections of recombinant insulin, secretion
from transplanted islets, etc.), and that immune cell infiltration (often referred to as insulitis)
into pancreatic tissue is present [9]. The extent to which insulitis occurs is variable and the
number of leukocytes required for its conclusive presence has been recommended [10].

Cytokines, secreted predominately from immune cells, are also likely to be involved in both
physiology and pathophysiology of the autoimmune disease process. From the standpoint
of leukocyte recruitment and activation, there are specialized proteins, termed chemotactic
cytokines (aka chemokines), which promote immune cell recruitment towards a site of
inflammation [11, 12]. In addition, there are various adhesion molecules present on antigen
presenting cells, endothelial cells, and target tissues that normally facilitate physiological
immune cell function but become dysregulated in conditions of autoimmunity [13]. One
such adhesion molecule is the intercellular adhesion molecule-1 (ICAM-1), which is the
focus of this review. We outline its importance in various models of T1D and in rejection of
transplanted islets to gain greater insights into mechanisms that are relevant to T1D onset,
progression, and eventual development of effective therapeutics.

ICAM-1 is a seven-exon gene that is strongly regulated at the expression level by cytokine
signals [14-16]. The gene encodes a glycoprotein with multiple splice variants that can
express on the cell surface as well as in secreted form [17-19]. ICAM-2, encoded by a
separate gene is typically not inducible, but is also an LFA-1 ligand [20]. The function of the
soluble version of the ICAM-1 protein (sSICAM-1) is not completely understood. However,
SICAM-1 levels are elevated in the circulation of Type 1 diabetic patients and people

with genetic risk for T1D [21, 22]. Stimulation of T cells /n vitro was greatly inhibited

by sICAM-1 or chimeric immunoglobulin fused to SICAM-1 [23]. These functions of
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membrane-bound ICAM-1 versus SICAM-1 may be competitive to limit overactive signaling
through LFA-1.

LFA-1 is a heterodimer of CD11a and CD18 proteins that function together as a p2

integrin. It was first discovered in mice [24, 25] and subsequently in humans [26]. LFA-1

is present on most, if not all, T-cells and facilitates interaction with antigen-presenting cells
(APCs) [27]. Modulation of LFA-1 components regulates both inside-out signaling and cell
spreading ability [28]. In addition, the LFA-1/ICAM-1 interaction controls the ability of
T-cells to expand in response to T-cell receptor (TCR) activation, such as during exposure

to viral infection. Thus, LFA-1/ICAM-1 interactions provide increased stability for cell-cell
contacts (adhesion effects) and convey additional (co-stimulatory) signals that help modulate
T-cell effector responses. Collectively, these interactions assist with appropriate refining of
the physiological immune response.

Chemokines promote recruitment of immune cells to a site of inflammation [11, 12] while
adhesion molecules such as ICAM-1 facilitate cell-cell contact as well as providing a
secondary (co-stimulatory) signal for immune cell activation. With this in mind, it is perhaps
not surprising that ICAM-1 is a central component of both healthy immunity as well as

a promising target to control autoimmunity. Below we discuss several different scenarios

by which ICAM-1 function is disrupted either by systemic interventions or by genetic
approaches. Each of these model systems provides insights into the function of the ICAM-1
protein and its roles in the autoimmunity associated with onset of T1D.

2. Monoclonal Antibody and Peptide-based Strategies targeting the

ICAM-1/LFA-1 interaction regulate diabetes development

The NOD mouse is the gold standard rodent model for pre-clinical studies designed to
understand various aspects of autoimmunity relevant to T1D [29]. Similar to human disease,
the onset of T1D is spontaneous, proceeds with the presence of specific immune populations
(e.g., macrophages, T-cells, etc.), and requires insulin as a life-saving measure after diabetes
onset. CD4 and CD8 T-lymphocytes, as well as macrophages, are important for the overall
development of disease [30-33]. In addition, diabetes is accelerated in NOD mice upon
administration of the drug cyclophosphamide [34], leading to reductions in total mass of the
insulin-producing islet p-cell.

Insulin is a major auto-antigen in both mice and humans; priming of effector cells by
antigen presenting cells allows selective targeting of -cells within the islets of Langerhans
[35-37]. The presentation of antigens occurs via the major histocompatibility complex
(MHC), which is an important component of the autoimmune disease process. This is
illustrated elegantly in the NOD mouse model of T1D, where preventing MHC action

by deletion of the beta-2-microglobulin (B2M) gene prevents insulitis and diabetes [38].
Moreover, allogeneic grafts survived for an openended period when islets from B2M—/-
mice were the donors [39]. Notably, antigen presentation through the MHC proteins to the
T-cell receptor (TCR) also requires a secondary activation signal. Because ICAM-1 is an
important component of antigen presentation by virtue of providing such a secondary signal
(shown schematically in Figure 1), we predict that modulating expression of the /cam1 gene
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regulates the autoimmune process. The /camZ gene is transcriptionally regulated [15] and is
thus positioned to be a central mediator of the autoimmune mechanisms that are detrimental
for islet B-cells (Figure 2). Early studies have examined this notion using a variety of
pre-clinical model systems, which are discussed below.

Monoclonal antibodies targeting ICAM-1 or LFA-1 reduced diabetes onset when injected
into five week old NOD mice. This age was chosen because insulitis was either not present
at all or very limited in terms of detectable immune cell infiltration. Onset of hyperglycemia
was monitored until the mice were 30 weeks of age [40]. There was a noticeable

reduction in immune cell accumulation near and within islets as a partial explanation for

the reduced onset of disease. Remarkably, this strategy did not block cyclophosphamide-
induced onset of hyperglycemia [40]. The use of both ICAM-1 and LFA-1 antibodies

in combination provided complete protection against diabetes onset compared to each
intervention individually. Similar to the above study, injections into young (2-4 weeks of
age) female NOD mice afforded stable therapeutic benefit [41]. In addition, adoptive transfer
of splenocytes from 22-week-old NOD that had been injected with antibodies against LFA-1
and ICAM-1 were not able to produce diabetes in the NOD-SCID mice recipients [41].
Furthermore, administration of cyclophosphamide did not promote diabetes onset in mice
that were previously exposed to the monoclonal antibodies targeting LFA-1/ICAM-1.

Intravenous administration of an adenovirus encoding soluble ICAM-1/ g fusion proteins

to NOD mice provided long-term protection against invasive insulitis and onset of diabetes
without suppressing immune function [42]. This intervention also induced lasting remission
(>6 months) in 50% of mice with overt diabetes. However, the exact mechanism of how this
protection was achieved is unknown. In contrast to previous studies showing the requirement
for LFA-1/ICAM-1 interaction to prime effector cells, this strategy may be effective by
blocking T-cell adhesion and effector function to prevent or limit ongoing islet p-cell
destruction (e.g., as shown schematically on the right hand side of Figure 2). There is no
doubt that administration of SICAM-1 had a protective effect against diabetes onset /n vivo
in NOD mice [43]. In addition to reducing islet destruction, the SICAM-1 and sICAM-1-Ig
therapy reduced the expression of Th1 type cytokines within the islet. NOD mice given a
plasmid that encodes sSICAM-1 increased the ratio of Th2/Th1 cytokine production, reduced
islet leukocytic infiltration, and resulted in less islet destruction [44]. This outcome points to
an immunosuppressive effect of SICAM-1, leading to a possible scenario whereby sICAM-1
induction is a protective mechanism against autoimmunity. However, more work is required
to understand the induction mechanisms, source tissue(s), and consequences of SICAM-1 at
various states of disease progression to gain a greater understanding about the autoimmunity
mechanisms relevant to T1D.

Administration of soluble LFA-1 and ICAM-1 peptides, which block the membrane-
associated ICAM-1 protein from binding its cognate receptor, reduced immune cell
infiltration and preserved islet integrity in NOD mice. This intervention began in mice at

13 weeks of age; the caveat is that only 25% of the peptide-treated mice examined for
infiltration were diabetic (blood glucose > 250mg/dL) compared to 60% of the saline treated
animals. [45]. The effect of the soluble LFA-1 and ICAM-1 peptides is also present during
transfer of NOD splenocytes to nondiabetic mice. This model provides rapid (1-2 weeks)
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infiltration of the islets by untreated T cells and macrophages, leading to rapid loss of
glycemic control via islet destruction [46]. However, administration of ICAM-1 and LFA-1
antibodies to non-diabetic NOD mice is sufficient to completely protect the nondiabetic
recipients from onset of diabetes induced by transfer of islet-derived mononuclear cells [41]
or splenocyte transfer from diabetic NOD donors [47]. This protection correlated with mild
insulitis or no detectable immune cell infiltration in recipient mice [41].

Blockade of ICAM-1 and LFA-1 protected against cyclophosphamide-induced diabetes in
NOD mice, but this effect was dependent on the order of administration. For example, when
10-week old NOD mice were given cyclophosphamide and then subsequently anti-LFA-1
and ICAM-1 antibodies, there was no protection from diabetes. By contrast, NOD mice
injected with a combination of LFA-1 and ICAM-1 monoclonal antibodies at 2 weeks

of age were completely protected from diabetes when treated with cyclophosphamide

at 12 weeks old [41]. Whether this indicates an effect of disrupting ICAM-1/LFA-1
interactions to limit immune cell trafficking or by enhancing the Treg ability to suppress
pro-inflammatory responses is not clear [40]. Additionally, disruption of the /cami gene

on the NOD background reduced insulitis severity in cyclophosphamide-injected mice [48].
However, C57BL/6 mice deficient for the /cam gene are not protected from immune

cell infiltration or diabetes induced by multiple low doses of streptozotocin (STZ) [49].
Alternatively, antibody-mediated blockade of LFA-1 and ICAM-1 in combination, but not
when administered separately, [50, 51] reduced hyperglycemia in STZ-treated mice [50, 52].
We note that chemically-induced hyperglycemia (e.g., by STZ delivery) vs. spontaneous
autoimmunity leading to diabetes (as observed in NOD mice) are very different mechanisms,
which clearly respond differently to interventions modulating LFA-ICAM-1 interactions.

3. Genetic deletion of ICAM-1 in NOD mice prevents diabetes

With the systemic antibody- and peptide-based strategies targeting ICAM-1 proving
effective in reducing diabetes onset in NOD mice, studying ICAM-1 in NOD mice with
genetic deletion of the protein gave further insights into autoimmune mechanisms. As noted
earlier, the NOD mouse is the most often used rodent model to study aspects of Type 1
Diabetes [53]. T1D in humans and NOD mice each clearly require interactions between
discrete populations of immune cells [54]. Chemokine proteins control the recruitment

of specific immune cell types into the pancreatic islet and expression of chemokines as

well as leukocyte recruitment occurs prior to diabetes onset [55, 56]. Since dendritic cells,
macrophages, and T lymphocytes are critical for disease progression [57, 58], understanding
how ICAM-1 integrates immune cell infiltration with effector function was undertaken

from a genetic manipulation approach. Transgenic mice with whole-body deletion of the
Icam1 gene were generated to understand how leukocyte invasion and islet B-cell mass were
impacted in a genetic background prone to autoimmune-mediated T1D.

Similar to several studies using peptide-targeting or antibody approaches, NOD mice with
genetic deletion of the /cam1 gene were completely protected from diabetes development
[48]. In addition, NOD mice with whole body /cam1 deletion only display mild insulitis
when compared with wild-type NOD mice. Mice heterozygous for ICAM-1 deletion
exhibited an intermediate phenotype (delayed onset relative to ICAM+/+ mice, p =
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0.09) suggesting gene dosage is critical for determining disease onset. Remarkably, this
reduction in insulitis also extends to NOD mice injected with cyclophosphamide, a drug
that accelerates autoimmune-mediated diabetes onset. One possible explanation for the
reductions in diabetes frequency is decreased IFNvy expression in pancreatic tissue of the
NOD ICAM-/—mice compared to ICAM+/+ mice. This decrease in IFN-y is congruent with
reductions in immune cells that produce pro-inflammatory cytokines (e.g., CD4+, CD8+
cells, etc.).

4. |CAM-1 influences T-cell function

T-lymphocytes are primed by antigen presenting cells [59, 60]. This involves major
histocompatibility complex (MHC):peptide interaction with the T-cell receptor. Additional
co-regulatory signals strengthen the activation potential of an individual T-cell population
[61]. The ICAM-1/LFA-1 interaction can provide such a co-stimulatory role to assist with
full priming and activation of a particular lymphocytic population [62]. In addition, there

is a T-cell: T-cell interaction that also requires ICAM-1/LFA-1 [63]. These interactions are
likely to be essential for normal immune function as well as participate in the development
of autoimmune disease. Data in support of ICAM-1 as a major contributor to autoimmunity
is illustrated by the studies discussed below.

Disrupting the ICAM-1/LFA-1 interaction with a combined anti-ICAM-1 and anti-LFA-1
antibody strategy early in life (2-4 weeks old) can render the splenocytes from 22 week
old NOD mice unable to transfer diabetes to NOD-SCID mice [41, 47]. These observations
point to a possible modifiable phase in the early development of autoimmunity, wherein the
ICAM-1/LFA-1 pathway is an important contributor to possible priming of specific T-cell
subsets that influence onset of disease. Indeed, preventing the ICAM-1/LFA-1 interaction
early in the mouse life span appears sufficient to spare the pancreatic islets from the full
effect of the cytotoxic lymphocytic response and thus could be a critical signaling point in
the early phases of autoimmunity leading to T1D.

For example, during the presentation of islet autoantigen(s) to naive autoreactive T cells, a
sustained ICAM-1 / LFA-1 interaction is likely to be one critical factor that tips the balance
toward loss of self-tolerance. Many of the early studies into the role of the ICAM-1/LFA-1
pathway attempt to determine the specific mechanism of tolerance induced upon blockade.
One possibility is the deletion or inactivation of autoreactive T cells. However, splenic T
cells isolated from nondiabetic NOD mice (who had received protection due to treatment
with ICAM1/LFA-1 mAbDs early in life) were just as proliferative in response to the islet
autoantigen GADG5 as controls. [41]. In addition, T cell numbers in the spleen or ex vivo
proliferative responses from mice who were treated with the mAbs versus control mice
remained similar [52]. On the other hand, splenocytes from normo- and hyperglycemic NOD
mice treated with ICAM1/LFA-1 peptides at 13 weeks of age [45] or with an /cam1 genetic
deletion [64] did not proliferate in response to islet antigen ex vivo.

It is possible that a population of suppressor T cells induced during the tolerizing phase
by anti-ICAM-1/LFA-1 intervention helps control autoimmunity. Supporting this notion,
systemic administration of the Treg and immunomodulatory cytokine IL-10 reduces
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insulitis and hyperglycemia in the NOD mouse [65]. In addition, the compartment of
exposure may be an important factor, as transgenic production of 1L-10 by beta-cells
accelerated diabetes unless paired with /cam gene deficiency [exon 4] [64]. Moriyama et al.
argue against an important role of suppressor T cells, since mixing the splenocytes of anti-
ICAM-1/LFA-1 treated mice with splenocytes of acutely diabetic NODs and transferring
them into nondiabetic recipients only slightly delayed diabetes onset [41]. Attempts to
expand the Treg population with IL-2 while simultaneously reducing effector T cell and NK
cell proliferation with anti-LFA-1 antibody were considered. Although the Trgg population
was indeed expanded and even reduced islet destruction by autoreactive T cells in transfer
experiments, this treatment was ultimately not successful because of the robust expansion of
effector cells in the pancreatic lymph node [66]. Thus, a balance between Treg control of
inflammation and expansion of self-reactive effector T-cells is constantly in flux and is likely
why onset of T1D is heterogeneous in both mice and humans.

5. ICAM-1 influences Islet Graft Rejection

Islet transplantation or transplantation of stem-cell derived p-cells are promising potential
therapies for Type 1 Diabetes [67, 68]. However, several barriers prevent widespread

use of the procedure. These include: 1) islets from multiple donors needed to achieve
insulin-independence in one recipient patient. 2) The broad immunosuppressive drug
regimen required to protect the transplanted tissue and the resulting side effects from such
pharmacological interventions. 3) The transplanted tissue will be subjected to autoimmune
attack by the host immune system. 4) Exactly how to make stable, differentiated, fully
functional B-cells from stem cells is not entirely understood.

Efforts to understand how ICAM-1 is involved in survival of transplanted tissue has been a
focus of past studies. Mouse allogeneic islet transplant survival improved when recipients
of transplanted tissue received antibodies against ICAM-1 or LFA-1 [69-73]. The most
common intervention strategy typically involved islet transplant immediately followed by
mAD targeting either one or both proteins. LFA-1 blockade improves graft survival when
treatment was started 7 days after transplant [71].

Blocking the ICAM-1 to LFA-1 interaction is effective in prolonging survival of xenografts.
Combining treatments of monoclonal antibodies to both LFA-1 and ICAM-1 prolonged
survival time of rat islet grafts when transplanted into mice [74-76]. Pre-treatment of human
islets with anti-ICAM1 antibody prior to transplantation in an STZ-induced mouse model
showed a 40% survival rate of the xenograft beyond 100 days compared to non-treated islets
or islets treated with anti-ICAM2 and anti-LFA-3 antibodies [77]. Similar protection against
graft rejection was obtained when islets are transplanted under the renal capsule or injected
into the portal vein [72]. However, in other studies, islet graft survival was not found to

be improved with ICAM-1 gene deficiency when either the donor or the recipient was
ICAM-1 -/~ [78]. Graft survival also did not improve in a BL6 to NOD transplant when the
donor was ICAM-1 —/- [79]. However, experimental variations revealed that pretreatment of
donor and recipient with ICAM-1 or LFA-1 blockade (using either Abs or oligonucleotide
delivery) can improve graft survival compared with postoperative treatment [80]. In addition,
antisense oligonucleotides against ICAM-1 were also effective [72]. We postulate that many
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of the discordant findings arise from differences in experimental design, genetics (e.g.,
mouse strain used), and/or timing of specific interventions.

At present, the precise mechanisms of tolerance and the fate of graft-reactive T cells is not
completely understood. Mice that have achieved indefinite islet graft survival via ICAM-1/
LFA-1 blockade will still reject third party skin grafts, so the beneficial effect is not attained
through general immunosuppression or a permanent defect in antigen presentation [81]. The
incongruities in the literature start with reactivity to donor-type tissue: some reports indicate
that recipients with long-term transplanted islets reject donor-type skin or islet grafts [77,
81], while others report tolerance [71]. Some clues into the mechanism(s) come from work
in xenogeneic transplantation. For example, in a specific case of rat to mouse xenograft,

the use of anti-rat ICAM-1 mAb in combination with anti-mouse LFA-1 mAb was the most
effective method of prolonging graft survival [75]. It is possible that anti-donor ICAM-1
blockade and anti-recipient LFA-1 blockade are the most effective combination because
ICAM-1 on the surface of donor cells may be more critical in generating the autoimmune
response. This finding is congruent with the work of Zeng et al, wherein anti-human
ICAM-1 was the most potent antibody for inhibiting murine splenocyte proliferation /in
vitroin response to human islets, and it was effective at prolonging human to mouse
xenotransplantation [77].

Another possibility is that the antigen presenting cell(s) are of donor origin. If true, the
critical antigen presentation event in islet transplant rejection would be donor APCs arriving
along with the transplanted tissue, who then present donor-type antigens to recipient host

T cells, providing a direct method of rejection [82]. This would explain results showing

that despite achieving over 100 days of tolerance in the ICAM-1-treated human xenograft,
mice who were given a secondary untreated graft from the same donor still rejected the new
graft [77]. If the main APCs in graft rejection are donor type APCs, then the secondary
transplant would theoretically bring in a new batch of donor APCs, and the lack of inhibition
would result in these new APCs presenting antigens to the host. This notion is supported

by evidence that xenogeneic and allogeneic islet transplants survive significantly longer
when the islets are highly purified (i.e., most if not all of the immune cells removed before
transplant) [83]. In addition, when mice were simultaneously given anti-ICAM-1-treated
islet grafts in the right kidney and untreated grafts in the left kidney, only the untreated
graft was rejected [77]. If donor APCs had been brought in the untreated islets, it would

be expected that presentation of antigens to the host, which are equally immunogenic
against the islets in each kidney, unless blockade of ICAM-1 disrupted antigen presentation.
Another possibility is that the transplanted tissue was not being integrated into the existing
blood supply, but was rather attempting to recruit new blood vessels to supply the graft. It is
possible, even likely, that multiple mechanisms of rejection (and tolerance) exist to explain
the disparate outcomes within the various studies and the role ICAM-1 plays depends on the
context.

The ICAM-1/LFA-1 pathway is not the only costimulatory pathway investigated as a
therapeutic approach to prolong islet transplantation. Indeed, the blockade of several
costimulatory receptors such as CD28, ICOS, CD40, and others have been reviewed [61,
84]. In mice, anti-LFA-1 treatment worked in conjunction with an antibody against CD2.
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Though each antibody prolonged islet graft survival, no additive effect was observed,

and LFA-1 blockade was more effective than CD2 blockade [81]. Interventions targeting
CD154 (CD40L) in a BL6 to NOD transplant context improved islet graft survival, and

this augmentation was further enhanced by LFA-1 blockade [79]. Based on these data, it is
perhaps not surprising that therapies targeting costimulatory blockade have reached clinical
practice as part of the islet transplantation procedure in individuals with T1D in order to
restore islet function and achieve maintenance of normoglycemia, and insulin independence.
Along these lines, an LFA-1 antibody, efalizumab, showed better islet graft survival and
improved glucose control in humans compared to the Edmonton Protocol, in addition to
being a safer alternative [85, 86].

For example, in one trial, all eight subjects receiving islet transplantation with maintenance
immunosuppression by efalizumab in combination with thymoglobulin and sirolimus,
achieved insulin independence for varying lengths of time and lowering of HbAlc [85].

In addition, efalizumab was a safer alternative with regard to islet and renal function
compared to other immunosuppressants such as corticosteroids and calcineurin inhibitors
(e.g. tacrolimus) used in the Edmonton protocol. In a separate study, an efalizumab-

based regimen was compared to the Edmonton protocol [86]. All four patients on

the efalizumab-based intervention achieved insulin independence with a single islet cell
infusion, whereas 6 of 8 islet graft recipients on the Edmonton protocol required multiple
infusions. Individuals on the efalizumab-based intervention also experienced less adverse
events and no allosensitization compared to study participants on the Edmonton protocol.
Unfortunately, this antibody was withdrawn from the market after three patients out of
roughly 40,000 subjects presented with progressive multifocal leukoencephalopathy [87].
Long-term follow up studies were not possible because efalizumab was withdrawn from
the market and many patients on this regimen were switched to abatacept. Abatacept is

an approved medication in the treatment of rheumatoid arthritis and is a CTLA4-Ig fusion
protein that attenuates T-cell activation by blocking the CD28 co-stimulatory pathway. Two
of the three subjects that remained on immunosuppressive therapy following the withdrawal
of efalizumab rejected their islet grafts suggesting that, despite lower risk for toxicity
compared to tacrolimus and sirolimus, blockade of the CD28 costimulatory pathway by
abatacept may not be an effective strategy for preventing islet rejection [86]. Further studies
are required to demonstrate this directly.

6. ICAM-1 in individual cell types: influencing autoimmunity and graft

rejection.

Mechanisms driving autoimmune responses and those promoting graft rejection are both
linked to immune cell recruitment and function. However, a key difference between the
two is that during the rejection of grafted tissue, the immunogenic element is most likely
donor-type MHC molecules. This is in contrast to autoimmunity of diabetes, wherein the
antigens are p-cell specific autoantigens such as insulin and GAD65 [88]. For example,
Bertry-Coussot et al., used a soluble ICAM-1 intervention, which reduced insulitis and
diabetes in the NOD mouse, but did not prevent skin allograft rejection [42]. Although
the antigens tolerized in the situations of autoimmunity and islet transplantation may
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be different, blockade of the ICAM-1/LFA-1 pathway clearly shows its relevance for

the immune-mediated destruction of the islets. In both cases, the uninterrupted pathway
performs the functions of leukocytic extravasation, antigen presentation to autoreactive or
graft-reactive T cells, and enhancing the effector functions of cytotoxic lymphocytes (Figure
2). Below is an evaluation of the ICAM-1 role in individual cell types, and its putative
contribution to autoimmunity and islet graft rejection.

6.1 Endothelial cells

Due to the role of ICAM-1 in extravasation of immune cells from the blood vessels, it

is possible that protein expression in endothelial cells is a critical element of autoimmune-
mediated loss of tissue function. Indeed, ICAM-1 is easily visible on islet endothelium
during autoimmune diabetes progression [40, 89]. However, in a number of diabetes models,
the inhibition of ICAM-1 does not actually prevent extravasation of immune cells to the
pancreatic islets. Mice with a whole-body genetic deficiency in the /camI gene treated

with STZ show no reduction in islet immune infiltration compared to wild-type mice [49].
The sICAM-1/Ig treatment used by Bertry-Coussot ef a/also demonstrated no inhibition of
extravasation in their NOD scid transfer experiments [42]. One group found slowed, but not
inhibited, entrance of 3A9 T cells into the islets of IP-HEL mice, and they observed a similar
result with BDC2.5 T cells injected into irradiated NOD mice with /cam1 genetic disruption
[90]. Leukocyte migration into the islets was also not inhibited by LFA-1 blockade [73]

or ICAM-1 gene deletion in islet transplantation contexts [78]. Redundancy within the

range of pathways involved in extravasation means that other membrane receptors could
mediate the trafficking process in the absence of ICAM-1. For example, treatment of

NOD mice at two weeks of age with antibodies against VLA-4 and VCAM-1 effectively
prevents autoimmune diabetes development by 30 weeks of age; however, this therapy
required continuous administration over the entire experimental timeframe [91]. By contrast,
blockade of the ICAM-1/LFA-1 pathway during a critical early tolerizing phase is sufficient,
as tolerance remains after removal of the intervention. The study of Fabien et a/showed that
interference with L-selectin more effectively prevented islet infiltration than LFA-1 mAbs,
despite the latter having a more beneficial effect in preserving islet function [92]. Thus, even
if ICAM-1 contributes to autoimmune diabetes or islet graft rejection through its role in
extravasation, the redundancy of transendothelial migration pathways may render the LFA-1/
ICAM-1 binding event less important or even dispensable for leukocyte trafficking into the
islet.

6.2 Stimulation of Naive T Cells

Immune invasion into pancreatic tissue of the autoimmune-prone NOD mouse involves
increased presence of macrophages and dendritic cells with ICAM-1 readily detectable on
the surface of these cells [46, 89, 93]. Due to the role of ICAM-1 in providing a second
signal for T cell activation, it is conceivable that professional APCs within the islet present
p—cell specific antigens to activate naive T cells. In addition, another possibility is that
T-cells recognize antigen on the B-cell surface and use ICAM-1 on B-cells as the secondary
signal for activation during autoimmunity. Prior to hyperglycemia, the islets of NOD mice
are enriched with CD103+ dendritic cells, which are highly efficient at cross-presenting
MHC-I bound by peptide to CD8+ T cells; the presence of a dendritic cell that presents
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antigen efficiently to CD4+ and CD8+ T cells enables islet destruction to proceed [94].
Thus, the presence or absence of ICAM-1 on that APC could be a critical element in

the induction of autoimmunity. In addition, specific polymorphisms in T1D risk among
humans are related to other genes involved in co-stimulation and the immune synapse,
including the genes encoding CTLA4, PD-1, IL-2RA, and PTPN22 [95]. The mechanistic
work probing a role for ICAM-1 during antigen presentation during islet autoimmunity and
islet transplantation rejection makes a strong case for its role in each of these processes.

The work of Moriyama et al. using NOD mice showed that a two-week treatment of
ICAM-1/LFA-1 mAbs early in life protected mice from disease [41]. It is plausible that
interactions blocked by these antibodies include the initial antigen presentation events that
precede the immune infiltration of the islets. Furthermore, donor T cells that could only
recognize transgenic p-cell specific antigens when these were presented by donor APCs
revealed that antigen presentation from APC only to T cell was sufficient to cause disease
[93]. Moreover, anti-LFA-1 treatment reduced proliferation of transferred autoreactive T
cells within the pancreatic lymph nodes of NOD mice [66]. In addition, CD4* T cells
specific for OVA peptide were primed /n vitro by Drosophila APCs either in the presence

or absence of ICAM-1 on the APC surface and then transferred into mice who expressed
the OVA peptide under the control of the rat insulin promoter. Although both groups of

T cells (those primed by APCs with or without ICAM-1) infiltrated the islets of their
respective hosts, only the cells stimulated in the presence of ICAM-1 led to islet destruction
[96]. In a mixed lymphocyte reaction (MLR) experiment with splenocytes from mice that
had received islet transplants, APCs from ICAM-1 knockout mice caused a decreased
proliferation response [79]. All of this evidence points to ICAM-1 on the surface of the APC
as a vital element in both autoimmunity and transplant rejection.

6.3 Modulating Effector T-cell Function

The ICAM-1/LFA-1 pathway strengthens the immune interaction between the cytotoxic
lymphocyte and the somatic cell targeted for killing. The immunological synapse that forms
between these two cells is shorter-lived than APC stimulation of naive T cells, but it is
nonetheless important for effector cell function [27]. Treatment with a mAb against CD8
was sufficient to prevent insulitis and diabetes in NOD mice, pointing to the necessity of
CDS8* CTLs in the disease process [47]. Hyperexpression of MHC | has been observed

on the surface of endocrine cells of the diabetic NOD pancreas [46] and expression of
MHC was increased by cytokines in vitro [97]. Pancreatic tissue, isolated islets, and beta
cells in culture have little to no expression of ICAM-1 in the basal state, but they readily
express the gene when exposed to IL-1pB, IFN-y, and TNF-a [15, 89, 97-99]. Whether the
ICAM-1 protein is present on beta cells in the disease state /n vivowas debated: some labs
have observed its presence [100], while others have not [40]. Yagi ef a/. demonstrated that
ICAM-1 is indeed expressed on the beta cells of diabetic NOD mice when examined under
immunoelectron microscopy [98]. Their images also indicate LFA-1 on mononuclear cells,
which contact the B-cells. With the more advanced imaging techniques available at present,
in combination with co-localization antibody/antigen detection methods, it is clear that beta
cells of diabetic mice, and more specifically within inflamed islets, express ICAM-1 [15,
99].
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Due to several variables, including the transient nature of the ICAM-1/LFA-1 interactions
and the lack of tissue-specific knockout models to directly address the role of ICAM-1, it
has been difficult to impossible to investigate ICAM-1 within distinct tissue compartments
to understand autoimmune disease. However, strategies using ex vivo approaches, which
include isolation and expansion of CTLs that had invaded NOD islets, give some insights.
These CTLs were incubated with NOD-derived beta cells and demonstrated significant
cytotoxic activity; this cytotoxic activity was amplified by pretreatment of the beta cells
with cytokines, and it was reduced in a concentration-dependent manner by mAbs against
LFA-1 and ICAM-1 [98]. Monoclonal antibodies against LFA-1 improved graft survival
even when administered 7 days after transplantation, when islets were already heavily
infiltrated. Reduced islet rejection at such a late stage suggests that LFA-1 blockade may
function, at least in part, by inhibiting effector T cell functions in the islet [70]. Thus, it

is reasonable to speculate that ICAM-1 is normally induced on the B-cell in response to

an inflammatory signal, such as viral infection; this surface expression would serve to alert
the immune system that a virus is present and needs to be cleared. Consistent with this
premise, infection by SV40 promoted ICAM-1 expression in the absence of cytokines [97].
On the other hand, reovirus infection did not promote ICAM-1 abundance on islet B-cells,
indicating that ICAM-1 induction could be signal-specific [99].

7. Concluding Remarks and Future Directions

It is clear that ICAM-1 is required for progression of autoimmunity in NOD mice [48],
while its role in islet graft rejection is still unresolved [75, 77, 78]. Nevertheless, there is
solid evidence to show that ICAM-1 is critical for antigen presentation to naive T cells,
which likely contributes to autoimmune disease processes [79, 96]. However, less work
has been done to investigate whether ICAM-1 directly on cells within the islet, especially
B-cells, are critical for autoimmune and graft rejection processes. Effector T cell activity
within the islet is indeed enhanced by the presence of ICAM-1 [98]. Thus, a possible
mechanism for protection when ICAM-1 interaction with LFA-1 is inhibited or reduced is
the reduction of immune activity in the islet overall, and an increase in the relative quantity
of Th2 cytokines over Thl cytokines in autoimmune diabetes [48] and graft rejection [69,
80]. Future studies will require tissue-targeted investigations into the role of ICAM-1 in each
cellular compartment to provide new insights into the mechanisms underlying autoimmune
disease onset and progression as well as leukocyte-mediated rejection of transplanted islets.
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Figure 1. ICAM-1 is involved at multiple levels and in cell types in autoimmunity.
A. Antigen presenting cells (APC) use ICAM-1 interactions with LFA-1 on T-cells as a

secondary signal to facilitate priming and activation responses. B. The islet beta-cell (purple)
responds to variety of cytokines, including interleukin-1p (IL-1p; e.g., from macrophages)
and interferon-gamma (IFNvy; e.g., from T-cells). IL-1p signals through the transcriptional
factor p65 while IFN-vy activates STAT1 to control gene expression in islet p-cells. As
examples, /cam1 and selected genes that encode chemokines are responsive to cytokines via
p65/STAT1 activatsion. Chemokines are secreted proteins that recruit immune cells to a site
of inflammation. Islet beta-cells increase ICAM-1 abundance to promote interaction with
LFA-1. This ICAM-1/LFA-1 interaction could facilitate direct contact with effector T-cells
(shown in red) in the islet. Collectively, these events are help explain some of the events
driving the autoimmune process that ultimately leads to T1D. This figure was generated

using BioRender.
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Figure 2. Three major compartments where ICAM-1 influences immune cell activity.
Three possiblities for ICAM-1 to influence autoimmunity include: 1) priming of T-cells (left

panel), 2) trafficking of immune cells (middle panel), and 3) effector function (right panel).
While ICAM-1 likely performs these roles as part of healthy immune cell activity, each of
these processes may contribute to ICAM-1 dependent events that lead to islet beta-cell loss
during autoimmunity and islet graft rejection. This figure was generated using BioRender.
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