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“These striking phenotypic analogies be-
tween the immune system and the nervous 
system may result from similarities in the 
set of genes that govern their expression 
and regulation.” [Niels K. Jerne, 1974] 

 
 
 
Introduction 

 nsulin-dependent type 1 diabetes mellitus (T1DM) 
  is a chronic immune mediated disease in which T 

lymphocytes recognizing pancreatic islet cell antigens 
play a major role in the disease process [2, 3]. It has 
become increasingly clear that autoreactive T cells are 
important in the development and progression of this 
disease. The initial event in the pathogenesis of auto-
immune disease is thought to be the priming of naïve 
autoreactive T cells, perhaps as a consequence of envi-
ronmental exposure to shared epitopes (antigenic 
mimicry) or generalized inflammation/innate immu-
nity [2-4].  

Maximum activation of naïve T lymphocytes re-
quires at least two independent signals. The first, an 
antigen-specific signal is sent via the clonotypic T cell 
receptor (TCR) which recognizes the appropriate pep-
tide–MHC complex. The second signal, termed co-
stimulatory signal, is independent of the antigen recep-
tor and is critical to allow full activation. In addition, 
costimulatory signaling controls proliferation, prevents 
anergy and/or apoptosis, and induces differentiation to 

effector function and memory status. Costimulatory 
signals also regulate inhibitory receptors upon lympho-
cyte activation in a time-dependent manner [5, 6] It is 
now clear that the delicate balance of these positive 
and negative regulatory pathways underpins the out-
come - self-tolerance versus autoimmunity [7]. 

Therefore, the immune response observed in 
T1DM seems to be related to an imbalance of the sen-
sitively regulated process which usually controls the 
activation of thymus-dependent lymphocytes. In this 
article, we summarize the role of costimulation in the 
development and progression of T1DM. In addition to 
the basic biology, we highlight important clinical ad-
vances in costimulation blockade that may impact this 
disease. 

Costimulation – help is critical for T cell acti-
vation 

It has long been recognized that T lymphocytes 
stimulated through the antigen receptor alone fail to 
produce cytokines, are unable to sustain proliferation, 
or may become unresponsive to a subsequent stimula-
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Figure 1. Role of costimulation in T cell activation. The figure depicts the role of 
various costimulatory molecules in the activation of naïve and differentiated T cells.  
Naïve T cells and Th1 cells rely heavily on CD28 and CD40L engagement to expand 
and differentiate. The ICOS/ICOSL pathway works on activated T cells with an espe-
cially potent signal to promote Th2 development. The activated T helper cell subsets 
finally promote different ranges of cellular and humoral immune responses. 

tion [5]. Lack of costimulation often leads to T cell 
apoptosis due to underexpression of pro-survival fac-
tors such as IL-2 and bcl-xL [8]. Recently it was found 
that interactions between receptor/ligand pairs of cell 
surface molecules on the responder lymphocyte and an 
antigen-presenting cell (APC) are critical for T cell ac-
tivation [5, 9]. In addition, there is growing evidence 
for a more sophisticated interaction, i.e. a highly com-
plex bidirectional communication between APC and T 
cells. This crosstalk allows a specific fine-tuning of 
lymphocyte activation. 

The specialized junction between a T lymphocyte 
and an antigen-presenting cell, the immunological syn-
apse, consists of a central 
cluster of T cell receptors 
surrounded by a ring of ad-
hesion and costimulatory 
molecules. Immunological 
synapse formation has been 
shown to be an active and 
dynamic mechanism that al-
lows T cells to distinguish 
potential antigenic ligands. 
This complex cellular struc-
ture that forms at the inter-
face of a T cell and a cell that 
expresses the appropriate 
peptide–MHC complexes re-
sembles neuronal interfaces 
with an ongoing cell-to-cell 
communication, finally lead-
ing to T cell activation or a 
putative modulation of T cell 
activities [9, 10]. 

Candidate costimulatory 
molecules 

To act as a costimulatory 
molecule, the receptor has to fulfill the following func-
tional criteria: (a) the molecule must initiate a positive 
signal without simply increasing TCR avidity or (b) by 
enhancing the recruitment of tyrosine kinases to the 
TCR complex, as in the case of the accessory mole-
cules CD4 and CD8, which act as coreceptors. The 
most prominent cell surface molecule shown to func-
tion as a costimulatory receptor is CD28 [8, 11]. CD28 
is a disulfide-linked homodimer and is constitutively 
expressed on most T-lineage cells. Since the identifica-
tion of CD28, the number of proposed costimulatory 
molecules has grown significantly. CD28 binding to its 
ligands, CD80 (B7.1) and CD86 (B7.2), has been 

shown to enhance a variety of secondary biochemical 
signaling pathways resulting in enhanced cell survival, 
proliferation and differentiation (Figure 1). However, 
there are numerous examples of immune responses 
occurring in CD28-deficient settings suggesting that 
additional T cell surface receptors [12], such as TNF 
family members CD154 (CD40L) and OX40, can 
serve similar costimulatory functions [13, 14]. More-
over, in addition to the role of costimulation in the ini-
tiation of a primary immune response, a number of ac-
tivation-dependent receptor-ligand pairs have been 
implicated as “amplifying” costimulatory pathways in-
volved in ongoing immune responses [15]. 

Costimulatory molecules can be divided into two 
broad classes based on sequence homologies. The first 
class contains the related CD28 and inducible costimu-
lator (ICOS) molecules. CD28 and ICOS are both di-
sulfide-linked homodimers that bind to distinct mem-
bers of the B7 family of surface proteins. CD28 uses a 
highly conserved motif in the CDR3-like loop for 
binding to the B7 molecules. The ICOS molecule has 
recently attracted attention as an alternative costimula-
tory molecule. ICOS is structurally related to CD28 
but does not detectably bind to B7.1 or B7.2. Instead, 
the ligand for ICOS (ICOSL) is a novel B7 family 
member. ICOS is either absent or expressed at very 
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Figure 2. Inhibition of T cell activation. A number of cell surface molecules con-
trols and suppresses T cell activation by directly suppressing T cell activation (via 
CTLA-4 or PD-1), by directly signaling the T cell, or indirectly in the case of CTLA4Ig, 
or regulatory T cells by binding to DCs inducing IDO. IDO catalyzes the degradation 
of tryptophan to kynureine and subsequent catabolic byproducts. Local decreases in 
the availability of tryptophan and the presence of its catabolic byproducts inhibit T 
cell proliferation and may induce apoptotic death. Inhibition of clonal expansion leads 
to a functional state of tolerance. This pathway may be accentuated by the presence 
of IL-10 or TGF-β. Regulatory T cells secretion of IL-10 may induce these B7-
dependent DC-signaling pathways as well. 

low levels on naïve T cells, but it is up-regulated upon 
stimulation. ICOS/ICOSL interactions therefore op-
timize and further differentiate responses of recently 
activated Th cells (Figure 1) [16]. ICOS costimulation 
has been shown to contribute to the production of 
various effector cytokines (IFN-γ, TNF-α, IL-4, IL-5, 
and IL-10). Thus, CD28 and ICOS appear to be major 
costimulatory molecules for the activation of T cells, 
with naïve and resting T cells using CD28 and acti-
vated and effector T cells using ICOS. 

Antigen-presenting cells show differential regula-
tion of B7.1, B7.2, and ICOSL, allowing specificity in 
eliciting responses from naïve versus activated (or 
memory) T cells. Most importantly, however, ICOSL 
expression can be induced in fibroblasts in culture, and 
nonlymphoid tissues in mice, by treatment with the in-
flammatory agents LPS and TNF-α, whereas CD28 
ligands are restricted to cells of the leukocyte lineages 
and are not induced in stromal tissues by similar treat-
ment [17]. Thus, inflamed peripheral tissues may selec-
tively stimulate antigen-experienced T cells, while naïve 
T cells are primed locally in lymphoid tissues draining 
the site of antigen expression. 
This observation may provide 
a clue for an in situ regulation 
of already preformed (autore-
active) T cell responses. CD28 
and ICOS, acting at different 
stages of T cell immune res-
ponses, are required for proper 
Th cell activation, differentia-
tion, and effector cytokine ex-
pression. 

Two other receptors, cyto-
toxic lymphocyte antigen-4 
(CTLA-4) and programmed 
death-1 (PD-1), share struc-
tural homology with this class 
and also bind B7 family mem-
bers. CTLA-4 is 50% homolo-
gus to CD28 in its extracellular 
domain and binds the same 
B7.1 and B7.2 ligands using a 
conserved amino acid se-
quence (MYPPPY) in its 
CDR3 domain [18]. CTLA-4 
inhibited effector T cell activa-
tion by a combination of com-
petition for CD28 ligation as 
well as a biochemical-mediated 
dephosphorylation of the T 
cell receptor complex based on 

co-localization of tyrosine and serine/threonine phos-
phatase activity within the immunologic synapse [19-
22] (Figure 2). PD-1, a CD28 homologue, contains two 
immunoreceptor tyrosine-based motifs that are phos-
phorylated upon receptor engagement and recruit Src 
homology 2-domain-containing tyrosine phosphatase 
2. Two novel B7 family members, programmed death-
1 ligand (PD-L)1 (B7-H1) and PD-L2 (B7-DC), have 
been shown to down-regulate T cell activation through 
their mutual receptor, programmed death-1 (PD-1) 
(Figure 2). The impact of the negative regulatory ef-
fects of these two pathways should not be underesti-
mated, as mice deficient in PD-1 develop autoimmune 
disorders suggesting a defect in peripheral tolerance 
[23-25] and CTLA-4-deficient mice die within 2-4 four 
weeks of age from an uncontrolled lymphoprolifera-
tion [26-28]. Thus, it has only recently been fully ap-
preciated that there is an intimate and regulated re-
sponse to antigenic stimuli such that the relative ex-
pression of these various receptors and their targets 
can either tip the balance towards immunity or toler-
ance. 
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The second class of costimulatory receptors are 
members of the TNF receptor (TNFR) family. These 
include CD40, the major B cell costimulatory mole-
cule, as well as OX-40, 4-1BB, CD30, and CD27. The 
ligands for these receptors are membrane-bound 
members of the TNF family [29]. These members of 
the TNF receptor family will not be further addressed 
in this article. 

IDDM genes 
Complex autoimmune diseases like T1DM reveal a 

multigenic genetic susceptibility with more than one 
gene involved. The T1DM susceptibility genes are not 
mutated, they do not represent rare altered variants 
from deleterious mutations; instead they are polymor-
phic [30, 31]. Using a genome-wide scanning approach, 
a large number of diabetes-associated genes have been 
described. The IDDM12 locus located on chromo-
some 2q33 contains the CTLA-4, ICOS and CD28 
genes. Further studies have unambiguously linked 
costimulatory receptors to the T1DM susceptibility 
gene locus [32]. 

The CTLA-4 gene is the strongest candidate gene 
for autoimmune diseases in this region, based on both 
the biological and genetic studies. Polymorphisms have 
been described and found to have preferential trans-
mission to the affected siblings in segregation analysis. 
Most importantly, in a multi-ethnic analysis (U.S. Cau-
casian, Mexican-American, French, Spanish, Korean, 
and Chinese), collection of both simplex and multiplex 
families was typed for 10 polymorphic markers within 
a genomic interval of approximately 300 kb, which 
contained the candidate genes CTLA4, ICOS and 
CD28. The consideration of ethnic and racial represen-
tations in these studies provided additional informa-
tion for a more general role of the gene polymor-
phisms related to T1DM [33, 34]. 

Transmission disequilibrium tests (TDT) revealed 
significant association/linkage with three markers 
within CTLA-4 and two immediate flanking markers 
(D2S72 and D2S105) on each side of CTLA-4 but not 
with more distant markers including the candidate 
gene CD28. These observations in this setting, as well 
as similar linkages in Graves’ disease [35], strongly 
support the conclusion that the CTLA-4 gene is a ma-
jor susceptibility gene for T1DM in various popula-
tions and of functional importance in different envi-
ronmental settings. 

IDDM susceptibility genes become functional 
Further studies mapped disease susceptibility to a 

polymorphism in the non-coding 6.1 kb 3’ end associ-

ated with lower messenger RNA levels of a soluble 
form of CTLA-4 resulting from alternative splicing 
[32, 36]. This soluble form, which results from a vari-
ant CTLA-4 molecule, may control immune functions 
in a variety of ways including the regulation of CD28 
costimulation; regulatory T cell function; induction of 
indoleamine-2,3-dioxygenase (IDO) and direct effects 
on membrane-bound CTLA-4 function (Figure 2). A 
polymorphism at position 49 of exon 1 (known as 
G/G variant) was found to be associated with de-
creased expression of the variant CTLA-4 molecule 
[35, 37, 38]. A relationship between genotype and the 
expression of the CTLA-4 isoforms has been found. 
Like in humans, type 1 diabetes susceptibility in the 
nonobese diabetes (NOD) mouse model is associated 
with a CTLA-4 gene polymorphism. In this spontane-
ous disease setting, the splice variant results in a re-
duced production of a cell surface molecule lacking the 
CD80/CD86 ligand-binding domain [32, 36]. Genome 
scanning in humans and the NOD mouse model has 
therefore contributed significantly to identify pathways 
in a complex (autoimmune) disorder. 

Functional studies in T cells have provided evi-
dence that the alternatively spliced form of CTLA-4, 
named ligand-independent CTLA-4 (liCTLA-4), lacks 
exon 2 including the MYPPPY motif which is essential 
for binding to the costimulatory ligands B7.1 and B7.2. 
In in vitro studies it also became clear that liCTLA-4 
expressed as a protein in primary T cells and strongly 
inhibited T cell responses by binding and dephos-
phorylating the TcRζ chain. The expression levels of 
liCTLA-4 were higher in memory/regulatory T cells 
from diabetes-resistant NOD congenic mice compared 
to susceptible NOD mice indicating that the spliced 
form liCTLA-4 is critical for the down-regulation of T 
cell-mediated autoimmunity [36]. 

Experimental evidence show an inhibitory role for 
this novel isoform of CTLA-4, as expression of the cy-
toplasmic domain of liCTLA-4 alone is sufficient to 
deliver a negative signal even though it lacks an extra-
cellular domain required for interaction with B7 mole-
cules. Thus, CTLA-4 isoforms may function to in-
crease the activation threshold of autoreactive T cells 
and may therefore have an important role in various 
autoimmune disorders. 

Recently structural requirements for T cell costimu-
lation revealed unusual modes of dimerization for the 
CTLA-4 costimulatory receptor and its B7 ligands. 
These distinctive quaternary structures potentially en-
dow both receptor and ligand with bivalent binding 
properties. Most probably these members of the co-
stimulatory receptor-ligand family may potentially 
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form a highly ordered, alternating network of CTLA-4 
and B7 homodimers that may represent the organiza-
tion of these molecules and their associated signaling 
partners within the immunological synapse. One might 
postulate that CTLA-4 isoforms may alter these struc-
tural features and thus lead to a modification of signal-
ing [39]. 

Disease models using costimulatory signals 
The critical role of costimulatory signaling has been 

demonstrated initially in genetically disrupted CTLA-4 
knockout mice that develop polyclonal lymphocyte ac-
tivation and proliferation, leading to massively enlarged 
lymph nodes as well as spleen and fatal multiorgan 
lymphocytic infiltrations. Transgenic approaches dem-
onstrated that RIP-mCD80+ mice, which express the 
mouse costimulatory molecule B7.1 (mCD80) on pan-
creatic β-cells under the control of the rat insulin-1 
promoter, were extraordinarily susceptible to autoanti-
gen-induced diabetes, while spontaneous disease was 
rare. However, multiple low dose injections of the β-
cell toxin streptozotocin in RIP-mCD80+ β-cells re-
sulted in T-cell-mediated insulin-dependent diabetes 
mellitus in RIP-mCD80+ mice suggesting that diabetes 
induction involved both Ag-specific recognition of 
self-target molecules in the inflamed pancreatic islet 
(signal 1) and CD28 costimulation (signal 2) [40]. 

The breaking of “horror autotoxicus” in RIP-
mCD80+ mice which co-express to the pancreatic β-
cell-expressed glycoprotein (GP) of the lymphocytic 
choriomeningitis virus (LCMV), was elicited by a single 
injection of syngeneic fibroblastoid cell lines (FCL) 
loaded with the immunodominant LCMV-GP peptide, 
gp33. While both RIP-GP+ and RIP-CD80+GP+ mice 
mounted moderate CD4-independent CTL responses, 
only CD80+GP+ mice developed severe insulitis. Dia-
betes was evoked due to islet-infiltration of activated, 
gp33-specific, CD8+ T-cells. These T cells secreted 
large amounts of IFN-γ. DNA immunization using 
plasmids encoding LCMV-GP or murine preproinsulin 
also efficiently induced Ag-specific RIP-CD80-
dependent diabetes [41]. Therefore, aberrant CD80-
expression in a peripheral tissue, which can be induced 
by various “non-specific” signals to the innate immune 
system, may disrupt the tissue’s natural resistance to 
CD8+ T-cell-mediated autoimmune destruction [42]. 
Similar effects were observed following local co-
expression of TNF with human B7.1 in the islets, re-
sulting in a profound and rapid induction of diabetes 
mediated largely by CD8+ cytolytic T cells. 

Genetic vaccination with (pro)insulin was able to 
adversely trigger autoimmune diabetes in two mouse 

models of type 1 diabetes, using intramuscular DNA 
vaccination for antigen administration. In female non-
obese diabetic (NOD) mice, diabetes development was 
enhanced after preproinsulin (ppIns) DNA treatment, 
and natural diabetes resistance in male NOD mice was 
diminished by ppIns DNA vaccination. GAD65 DNA 
conferred partial diabetes protection, whereas empty 
DNA plasmid was without effect. In RIP-B7.1 
C57BL/6 mice, which provides a setting of expressing 
the T cell costimulatory molecule B7.1 in pancreatic β-
cells against a non-diabetogenic background, again 
autoimmune diabetes occurred in 70% of animals after 
ppIns vaccination. Diabetes did not develop sponta-
neously in RIP-B7.1 mice or after GAD65 or control 
DNA treatment. Diabetes was characterized by a 
CD4+CD8+ T cell infiltration of pancreatic islets and 
severe insulin deficiency [43]. 

Overall, these functional studies showed that up-
regulation of costimulatory pathways is an important 
component of normal immune homeostasis. Expres-
sion of B7.1 in the target tissue dramatically alters the 
cellular and molecular requirements for the develop-
ment of autoimmunity [42, 43]. Experimental data in 
animal models also showed that potentially autoreac-
tive T cells that have escaped negative selection in the 
thymus must be strictly controlled in the periphery to 
avoid autoimmune disease and that they can escape 
such a control by the help of impairment of costimula-
tory signaling. 

Perhaps the most unexpected observation was the 
finding that disruption of the CD28/B7 pathway in the 
NOD mouse strain using either mAb or knock tech-
nologies resulted in exacerbation of the disease [12]. 
This paradoxical observation supported a more com-
plex role of this pathway in the autoimmune disease 
setting. In fact, there is now substantial evidence that 
CD28 is as important in supporting the development 
and survival of CD4+CD25+ regulatory T cells (Tregs) 
that are essential suppressors of disease in the NOD 
mouse [7] (Figure 2). The disruption of the CD28 
pathway results in the complete loss of functional 
regulatory T cells and the residual pathogenic cells are 
sufficient to mediate disease. As importantly, individ-
ual B7.1 versus B7.2 knockout mice have different ef-
fects on disease outcome. In both cases the disruption 
of each molecule individually has minimal effect on 
Tregs. In the case of B7.1-defieciency disease incidence 
is exacerbated while B7.2 deficiency totally abrogates 
diabetes [44]. The results can be interpreted as follows: 
Under conditions of normal Treg numbers, B7.2 is the 
prominent CD28 ligand involved in T cell pathogene-
sis while B7.1 is the preferred ligand for CTLA-4 lead-
ing to the yin-yang in this system [45-48]. 
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Finally, there is increasing evidence that the func-
tion of the CTLA-4 molecule is also more complex. As 
stated above, there is no doubt that CTLA-4 can di-
rectly regulate T cell activation by attenuating TCR 
signaling. However, several groups have also impli-
cated CTLA-4 in Treg function [49-51]. The mecha-
nism is unclear, but may be mediated through TGFβ-
production by Tregs and induction of the suppressive 
tryptophan metabolic enzyme (IDO) by Tregs in APCs 
(Figure 2). 

Relationship between the innate immune sys-
tem and autoimmunity 

As stated above, multiple studies have suggested a 
link between environmentally-induced inflammation 
and autoimmunity. Infectious agents can induce auto-
immune diseases in both experimental and clinical set-
tings [2]. Likewise, an association of an infectious dis-
ease with outbreaks of autoimmune-type diabetes mel-
litus has been reported. A variety of mechanisms have 
been invoked to explain these observations. One at-
tractive hypothesis is that licensing of antigen-
presenting cells by microbial stimuli may represent a 
checkpoint for functional self-tolerance and may pro-
vide a “third signal”, mimicking costimulatory signal-
ing [52, 53]. Therefore, microorganisms unrelated to 
the autoantigens that have primed the autoreactive T 
cells could dictate the onset and exacerbation of auto-
immune diseases. Toll-like receptor (TLR) engagement 
by pathogen-associated molecular patterns (PAMPs) 
has been shown to be an important mechanism for op-
timal cellular immune responses [53]. APC TLR en-
gagement indirectly enhances activated CD4+ T cell 
proliferation, differentiation, and survival by promot-
ing the up-regulation of costimulatory molecules and 
the secretion of proinflammatory cytokines. TLR 
therefore seems to link activation of innate immunity 
to immune disorders. Innate immune cells, such as 
APC engulf pathogens by phagocytosis, and present 
pathogen-derived peptide antigens to naïve T cells. In 
addition, TLRs recognizing pathogen-derived compo-
nents induce expression of genes, such as costimula-
tory molecules and inflammatory cytokines. Phagocy-
tosis-mediated antigen presentation, together with 
TLR-mediated expression of costimulatory molecules 
and inflammatory cytokines, instruct development of 
antigen-specific adaptive immunity, especially Th1 
cells, a T cell phenotype associated with T1DM [54]. 
Thus, as progress is made in the field, it will be impor-
tant to combine costimulation blockade with inhibitors 
of innate immunity to maximize the therapeutic value 
of each. 

Interventional trials: the use of T cell costimu-
latory pathways 

In the absence of full costimulation, specific anti-
gen recognition leads to partial T cell activation, T cell 
anergy and/or T cell deletion. This observation led the 
way for interventional strategies in autoimmune dis-
eases and organ transplantation. Interventional trials in 
patients with rheumatoid arthritis have used costimula-
tion blockade by a fusion protein-cytotoxic T-
lymphocyte-associated antigen 4-IgG1 (CTLA4Ig) 
[55]. CTLA4Ig binds to CD80 and CD86 on antigen-
presenting cells, blocking the engagement of CD28 on 
T cells and preventing T-cell activation (Figure 2). In 
patients with active rheumatoid arthritis, which is char-
acterized by an ongoing T cell recruitment and activa-
tion, treatment with CTLA4Ig significantly improved 
signs and symptoms. These data suggest that costimu-
latory pathways may provide novel clues to immuno-
pathology and treatment of ongoing islet cell autoim-
munity. More recently, a second generation high affin-
ity mutant form of CTLA4Ig (LEA2Y/belatacept) has 
been developed that binds CD80 twice as effectively as 
CTLA4Ig and CD86 four times more effectively. In 
large animal studies, the avidity of the new agent pro-
duced greater efficacy, setting the stage for long term 
costimulation blockade in the autoimmunity and 
transplant setting. Currently, this drug is in clinical tri-
als in kidney transplantation and represents an impor-
tant step forward in the development of CTLA4Ig 
therapies. This is a kind of artificial modulation of a 
system of molecules on the surface of T cells that has 
been designed to specifically provide on-off switches 
to support or abrogate the activation of T cells. This 
approach holds considerable potential because it 
avoids toxicities associated with cell lysis, while theo-
retically specifically affecting only those T cells which 
are being continuously stimulated to become activated. 
Interestingly, it has been suggested that one mecha-
nism of action of this new therapy has been the induc-
tion of IDO in APCs as a consequence of CTLA-4 
binding [56, 57] (Figure 2). Currently no results of tri-
als in T1DM have been published using this approach 
[15]. 

Conclusion 
Currently the importance of the various diabetes-

associated genes is becoming clearer due to functional 
studies. Data have emerged in recent years, showing 
that the members of the B7 and CD28 families play a 
crucial role in T cell activities seen in various autoim-
mune disorders, including T1DM. The findings of 



 
162  The Review of Diabetic Studies Boehm, Bluestone 

  Vol. 1 ⋅ No. 4 ⋅ 2004 
 

Rev Diabetic Stud (2004) 1:156-164  Copyright © by the SBDR 

these studies provide a classical example of functional 
genomics. The IDDM12 locus which is linked to 
chromosome 2q33 has revealed that the CTLA-4 gene 
is a prototype candidate gene in T1DM. Functional 
studies, including the use of transgenic or knockout 
animal models showed that CTLA-4 plays a major role 
in down-regulating T cell activation and maintaining 
immunologic homeostasis. Therefore costimulatory 
signaling is instrumental in controlling potentially 
autoreactive T cells that have escaped negative selec-
tion in the thymus. CTLA-4 ligation following T cell 
activation, down-regulates cytokine production and 
cell-cycle progression. CTLA-4 reveals a dynamic role 
at the immunological synapse leading to direct attenua-
tion of early cell signals. 

Overall the delineation of costimulatory pathways 
has broadened our understanding in the control of 
immune responses at the molecular level, and led to 
identification of molecular targets for potential treat-
ment of autoimmune diseases. Since the B7-CD28 
family molecules play a critical role in the control of 
initiation, progression and pathogenesis of autoim-
mune diseases, these molecules are a highly likely tar-
get. The understanding of a complex interplay within 
the immunological synapse with priming, activation, 
maturation and amplification of immune responses will 
therefore lead to a more rationale-based design of 
interventional strategies, thus leading to new methods 
and approaches for the management of autoimmune 
diseases. Some B7 homologues have unknown recep-

tors, indicating that other immunoregulatory pathways 
remain to be described and will leave enough space for 
novel studies. 

Is immunomodulation a valuable treatment option 
of T1DM in the prediabetic phase, and at onset only? 
Pancreas and insulin-producing β-cell transplantation 
will extend the scope of immunomodulation. Provided 
that the supply for insulin-producing β-cells has been 
resolved, most likely by stem cell technology, the on-
going modulation of autoreactive T cells will become a 
key issue in T1DM treatment. The studies currently 
available dealing with costimulatory signaling have al-
ready provided novel avenues to overcome existing 
hurdles for the promising approaches of cell-based 
therapy in T1DM. Especially the usage of immunoin-
hibitory receptor pathways might therefore be of con-
siderable importance in the near future as a treatment 
target. One might speculate that the increased under-
standing of costimulatory pathways of T-cell regulation 
results in promising new therapeutics because T-cell 
interference can be better targeted to specific states of 
activation or location. This may decrease side-effects 
of standard immunosuppressive therapy such as sys-
temic immunosuppression. 
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