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ABSTRACT: The thymus is the unique lymphoid organ inside which a confron-
tation occurs throughout life between neuroendocrine self-antigens and a
recently evolved system with original recombination machinery driving ran-
dom generation of immune response diversity. Through transcription of
neuroendocrine genes in the thymus stromal network and expression of cog-
nate receptors by immature T cells, the neuroendocrine system regulates early
T cell differentiation. In addition and more specifically, intrathymic presenta-
tion of neuroendocrine self-antigens by, or in close association with, major his-
tocompatibility complex (MHC) proteins is responsible for the establishment of
central immune self-tolerance of neuroendocrine principles. All members of
the insulin gene (INS) family are expressed in the thymus stroma according to
a precise hierarchy and cell topography: IGF2 (thymic epithelial cells) > IGF1
(thymic macrophages) >> INS (thymic medullary epithelial cells and/or den-
dritic cells). Given this hierarchical pattern in gene expression, the protein
IGF-2 is more tolerated than INS. Igf2 transcription is defective in the thymus
of bio-breeding (BB) rat, one animal model of type 1 diabetes (T1DM). This
thymus-specific defect in /gf2 expression may explain both the absence of cen-
tral tolerance to INS-secreting B3 cells and the lymphopenia (including lack of
regulatory RT6" T cells) in diabetes-prone BB rats. INS B:9-23 and the homol-
ogous sequence of IGF-2 compete for binding to DQS8, an MHC class II allele
conferring major susceptibility to TIDM. In young DQ8' T1DM patients, INS
B:9-23 presentation by DQS8 elicits a dominant IFN-y secretion by isolated
PBMCs, whereas presentation of the IGF-2 self-antigen promotes a dominant
regulatory interleukin-10 secretion. These data demonstrate that opposite
immune responses are driven by MHC presentation of a self-antigen (here,
IGF-2) and an autoantigen (INS, as “altered” self). The important tolerogenic
properties of thymic self-antigens deserve now to be exploited for prevention
and/or cure of devastating autoimmune diseases such as TIDM.
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INTRODUCTION

The thymus is crucially located at the crossroad between the immune and the
neuroendocrine systems, and among all lymphoid structures, only the thymus
ensures the generation of a diverse repertoire of T cell receptors that are self-tolerant.
This central self-tolerance is extremely powerful, because only 1-2% of T cell pro-
genitors will leave the thymus as mature T cells that are self-tolerant but competent
against non-self-antigens presented at the periphery. Molecular mechanisms
involved in thymic clonal deletion of self-reactive T cells have been extensively
described. However, little attention has been paid to the self-antigens that are effec-
tively presented to thymocytes (pre-T cells) by the thymic major histocompatibility
complex (MHC) machinery. Intrathymic expression of genes encoding peripheral
tissue-specific autoantigens is more and more being documented.!~!! Consequently,
a defect in central self-tolerance as a crucial factor in pathogenesis of organ-specific
autoimmune diseases has become a major topic of contemporary research in auto-
immunity. Hierarchical patterns exist in intrathymic transcription of neuroendo-
crine-related genes so that one dominant self-antigen precursor for each family is
expressed in the thymus stroma. Thymic neuroendocrine self-antigens are homolo-
gous, but not identical, to peripheral neuroendocrine autoantigens. Such biochemical
difference led us to investigate that opposite immune responses might be driven by
related homologous self-antigens and autoantigens. This hypothesis appeared to be
correct after preliminary investigation of the cytokine profile elicited by the presen-
tation of antigens derived from members of the insulin family.

DUAL ROLE OF THYMIC NEUROENDOCRINE
SELF-ANTIGEN PRECURSORS

The intrathymic synthesis of the neurohypophysial peptide oxytocin (OT) was
reported in 1986.12 Subsequent studies to elucidate the physiological role of thymic
OT have indicated that thymic OT does not behave as a secreted neurohormone, but
as the self-antigen of the neurohypophysial peptide family.!3-!4 OT presentation to
immature T cells involves a 55-kDa protein that is expressed in thymic epithelial cell
(TEC) plasma membrane and that is labeled by both antibody to neurophysin (OT-
binding 10-kDa protein) and an antibody directed to the 45-kDa heavy chain of
MHC class I proteins.!> The precise biochemical mechanisms responsible for the
synthesis of this chimeric protein remain to be elucidated, but a similar neurophysin-
MHC class I protein has been identified in cell membranes of small cell lung carci-
noma. !¢ Neurotensin (NT) and somatostatin were the first neuropeptides detected by
immunocytochemistry in the thymic parenchyme.!” Further studies conclusively
demonstrated that NT (and NT-derived peptides) are presented by MHC class I pro-
teins purified from TEC plasma membrane. '8

Genes encoding specific neurohypophysial receptors are transcribed by thymic T
cell subsets: OT receptor (OTR) is expressed by CD4-8—, CD4+8+, CD4+, and
CD8+ thymic T cells, whereas V3R expression is restricted to CD4+8+ and CD8+
thymic T cells. Neither VIR nor V2R expression can be detected in the thymus.!?
Thymocyte OTR and V3R can transduce neurohypophysial peptides, in particular
OT, according to the rules established for those receptors in other cellular systems
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(increase of phosphoinositide turnover coupled to mitogenic action).2? In addition,
OT markedly increases the phosphorylation of kinases implicated in focal adhesion
(p125FAK p130€2) 21 Such an early event in the process of T cell differentiation
could be crucial for the establishment of immunological synapses between immature
T cells and thymic antigen-presenting cells (APCs), namely, TECs, dendritic cells
(DCs), and macrophages. During ontogeny in Balb/c mice, OT transcripts are detect-
ed on E13 in both brain and thymus, whereas VP transcription starts on E14 in the
brain and is clearly detected in the thymus only on E15 (unpublished data). OT pre-
cocious transcription in the thymus further concords with the role of thymic OT in
the induction of central self-tolerance of the neurohypophysial peptides before their
expression by hypothalamic neurons. Based on these two roles of thymic OT acting
both as a self-antigen and as a ligand for neurohypophysial receptors expressed by
pre-T cells, a model was elaborated transposing at the peptide level the dual role of
the thymus in T cell differentiation.22 Such model applies to other neuroendocrine-
related self-antigen precursors expressed in the thymic stroma, and a definition of
neuroendocrine self was proposed as follows: (1) neuroendocrine self-antigens cor-
respond to peptide sequences highly conserved throughout evolution of one given
family; (2) a hierarchy characterizes their expression pattern in the thymus; (3) the
intrathymic processing of neuroendocrine self-antigen precursors is not coupled to
the classic model of (neuro)secretion but to pathways of antigen presentation by
MHC proteins; and (4) some differences exist in the processing between thymic
APCs and dedicated peripheral APCs. For some neuroendocrine self-antigens (OT
and NT), those differences imply that their presentation by thymic APCs is not
restricted by MHC alleles.23

THYMIC EXPRESSION OF INSULIN-RELATED GENES

While searching for a precursor able to represent the whole insulin peptide family
in front of T cells during their differentiation in the thymus, insulin-like growth fac-
tor 2 (IGF-2) was found to be the dominant insulin-related peptide expressed by
TECs from different species.24 Immunoreactive (Ir) IGF-1 was also detected in thy-
mic cells with a macrophage-like morphology and topography, whereas Ir insulin
could not be clearly identified within human thymic lobules. Again, IGF-2 secretion
was not evidenced in human TEC primary cultures, although Ir IGF-2 could be de-
tected by confocal microscopy at the outer surface of TEC plasma membranes (data
not published). By reverse transcription-polymerase chain reaction (RT-PCR) and in
situ hybridization (ISH), /GF2 transcription by human TECs was further demon-
strated and found to be under the control of the same promoters as in extrahepatic
fetal and adult tissues.2> IGFIR was found to be expressed in Jurkat T cells, and
IGFI transcripts were also identified by ISH in thymic macrophages. Functional sig-
nificance of the thymic IGF axis was evaluated by using murine fetal thymic organ
cultures (FTOCs). FTOC treatment with an anti-IGF-2 monoclonal antibody in-
duced an inhibition of the transition from CD4-8— T cells to CD4+8+ T cells as well
as an increase in CD8+ cells. A similar inhibition of early T cell differentiation was
observed when FTOCs were treated with anti-IGF-1R monoclonal antibody or anti-
IGF-2R polyclonal antibody. In addition, anti-IGF-1R and anti-IGF-2R induced an
81% and a 34% decrease in FTOC total T cell number, respectively. In the same
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model, treatment with a specific antibody directed to (pro)insulin did not exert any
significant effect on either T cell cellularity or T cell differentiation.?

From 1994, studies have repeatedly reported that the insulin gene (INS) is also
transcribed in the thymus.2” A debate recently raised about the precise nature of the
thymic cell type responsible for INS transcription, that is, medullary TECs2® or
DCs.2? Compared to IGF-2 (+ 100 ng/g wet weight), the thymic content in INS pro-
tein is very low, ranging from 98-1,200 fmol/g wet weight in one study to 0.437 £
0.218 pmol/mg protein in another.3%3! Those studies did not investigate the func-
tional effect of thymic INS on T cell differentiation, but evidenced a correlation
between thymic /NS mRNA levels and the presence of alleles conferring genetic sus-
ceptibility to type 1 diabetes (T1DM).

THYMIC INSULIN-RELATED PEPTIDES, CENTRAL TOLERANCE OF
ISLET 3 CELLS, AND TYPE 1 DIABETES

As just discussed, a precise hierarchy and cell topography exist in the intrathymic
expression of INS-related genes: IGF2 (TEC) > IGF1 (macrophages) >> INS (thymic
DCs and/or medullary TECs). Such hierarchy is important since it is known that im-
mune tolerance of a protein or a protein family primarily involves dominant epitopes
of this protein or this family.3?-33 Theoretically according to this observation, IGF-
2 should be more tolerated than IGF-1, and much more than INS. This assumption
is indirectly verified by immunization, that is, active experimental breakdown of im-
mune tolerance, with INS-related peptides. Following immunization, the titers and
frequency of antibodies to INS are higher than those against IGF-1 and much higher
than those against IGF-2. Also, the high prevalence of autoantibodies against INS
(£40%) in the population could be related to the very low expression of /NS in the
thymus.3* Finally, a number of studies recently failed to indicate any significant
tolerogenic activities of INS administered either orally or subcutaneously.?>37

To gain further insight into the central tolerance mediated by thymic INS-related
proteins, we advanced the hypothesis that thymus dysfunction could be involved in
T1DM pathophysiology. This hypothesis was investigated through analysis of Ins,
Igf1, and Igf2 expression in the thymus of biobreeding (BB) rats, an animal model
of human T1DM. Ins, Igfl1, and Igf2 transcripts were detected in the thymus of all
diabetes-resistant BB rats (BBDR). By contrast, while /ns and Igf1 transcripts were
detected in the thymus of all diabetes-prone BB rats (BBDP), a defect in /gf2 tran-
scription was observed in 11 of 15 thymuses from BBDP rats, in close accordance
with the diabetes incidence in this strain (86%).38 This defect was thymus-specific
since /gf2 transcription was detected in the brain and liver of BBDP rats. The corre-
lation between percentage of Igf2-deficient thymuses and incidence of autoimmune
diabetes in BBDP rats, on the one hand, and the functional properties of IGF-2-
mediated signaling on T cell proliferation/differentiation, on the other hand, may
both contribute to the absence of central self-tolerance of islet B cells and to
lymphopenia in BBDP rats.

A number of genetic loci conferring susceptibility or resistance to type 1 diabetes
have been identified.3® Recent studies support the hypothesis that genetically deter-
mined thymic INS levels play a critical role in INS-specific autoreactive T cell
selection. Using an elegant model of graded /NS transcription in the thymus, Chen-
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toufi and Polychronakos*? found that specific T cell reactivity to INS was inversely
correlated with /NS intrathymic expression. Expression of the transcription factor
autoimmune regulator 4ire is maximal in murine medullary TECs and is absent in
the thymus epithelium of diabetic NOD mice.*1*#2 The use of Aire "~ mice helped in
demonstrating that the Aire protein promotes thymic transcription of tissue-specific
genes,*3 in particular genes that are known to be expressed in the thymus and to
intervene in central self-tolerance such as OT, IGF2, INS, and NPY** These findings
are important in view of the fact that thymic expression of autoantigens correlates
with a higher level of self-tolerance and resistance to autoimmune diseases.*43
Finally, a defect in central self-tolerance of NOD mice has been demonstrated since
Fas-dependent and independent apoptosis pathways are defective in the thymus of
these mice.*

Thus, increasingly more studies indicate that a defect in thymus central self-
tolerance could be involved as a crucial factor in the development and pathophysiol-
ogy of autoimmune T1DM. Through such thymus dysfunction, self-reactive T cells
will continuously leave the thymus, and the peripheral T cell pool will gradually be
enriched with T cells equipped with a TCR directed towards epitopes specific for the

THYMUS PHYSIOLOGY

+ Negative selection of self-reactive T cells (= 98%)

+ Development of self-tolerant and MHC-restricted T cells
+ Generation of CD4"CD25" Ty

THYMUS PATHOPHYSIOLOGY

* Abnormal cytoarchitecture (NOD, BB, human)

* Thymus dysfunction with defect in self-antigen gene transcription
= Selection and enrichment of T repertoire with self-reactive T cells
= Tpeg deficiency

+ Environment; thymic virus infection, stereids, innervation

BRIDGE BETWEEN SELF-RFACTIVE T CELLS AND TARGET CELLS
¢ Genetic susceptibility
+ Environment: virus, nutrition, stress,...?

FIGURE 1. Thymus dysfunction in the pathophysiology of organ-specific autoimmune
diseases. A defect in central self-tolerance results from a failure or a marked decrease in thy-
mic transcription of genes encoding self-antigen precursors. This defect is responsible for a
permanent thymic output and progressive enrichment of the peripheral T cell repertoire with
self-reactive T cells. The impact of thymic self-antigens on the generation of specific Tggg
lymphocytes is plausible but has not been demonstrated. The development of self-reactive
T cells is not sufficient to induce autoimmune disease, and a molecular bridge must be
established between self-reactive T cells and tissue autoantigens.
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INS family. The hypothesis that thymic dysfunction could follow an infection by the
diabetogenic strain B4 of coxsackie (CVB4) is currently being explored in our lab-
oratory. From this perspective, a persistent and productive infection by CVB4 of
cultured human TECs has been demonstrated.*” The immunological effects induced
by CVB4 thymus infection are currently investigated in depth. A thymus dysfunc-
tion resulting from CVB4 infection could intervene in intimate conjunction with the
bystander effect evidenced by CVB4 infection of islet B cells.*8

The presence of self-reactive lymphocytes is not a sufficient condition to develop
T1DM. A bridge must be installed between self-reactive T cells and target B cell
autoantigens depending on the influence of some external factors and a genetic
background determined by the balance between susceptible and protective alleles
(F1G. 1).

THYMUS SELF-ANTIGENS AS A WAY FOR THE DEVELOPMENT OF
A NEW TYPE OF VACCINE

Increasingly more studies are documenting the highly immunogenic properties of
INS, in particular the sequence INS B:9-23, which is the dominant epitope of the
whole INS protein. Moreover, INS B:9-23 can be presented and has been co-crystal-
lized with DQS, an MHC class II allele conferring major genetic susceptibility to
TIDM.* A cellular response to INS B:9-23 occurs in patients with TIDM. This
CD4 response is MHC class Il restricted and exhibits a proinflammatory profile with
a high induction of IFN-y in response to the presentation of INS B:9-23.0 Following
the “altered peptide ligand” strategy, the sequence B:9-23 of INS was modified by
alanine substitutions introduced at different places. The peptide with alanine substi-
tutions in positions 16 and 19 (NBI-6024) induced Th2 T cell responses in NBI-
6024-derived T cell lines from NOD mice. Also, after administration to female NOD
mice, NBI-6024 significantly delays but does not abolish the onset of autoimmune
diabetes.>! However, this strategy is based on INS B:9-23, and two recent studies
have indicated that administration of INS-derived peptides to NOD mice can prime
the autoimmune diabetogenic process or promote a fatal anaphylactic reaction.>2-53

On the basis that IGF-2 is the dominant thymic peptide of the INS family and that
IGF-2 is much more tolerated than INS, a novel type of vaccine could be developed
for prevention and/or cure of TIDM. The immunogenic response in classic vaccina-
tion induces activated/memory T cells that are specific for antigen(s) shared by
infectious agents. Analogously in T1DM, the presentation in the periphery of INS-
derived autoantigen(s) activates specific CD4/CD8 T cells as well as memory T cells
directed against these autoantigenic epitopes. In the novel type of tolerogenic vacci-
nation, administration of a self-peptide derived of IGF-2 could anergize or even
delete self-reactive T cells that have escaped thymus censorship because of thymic
dysfunction in the establishment of B cell central self-tolerance. We are currently
performing such studies with IGF-2 peptides that exhibit the same affinity and com-
pete with INS B:9-23 for binding to DQS. Preliminary data in DQ8+ T1DM adoles-
cents show this hypothesis to be correct and that DQ8 presentation of INS B:9-23
and an IGF-2 derived peptide drives opposite immune responses with a dominant IL-
10 response after DQ8 presentation of an IGF-2 self-antigen. Two mechanisms may
be proposed to explain those findings. On the one hand, the peripheral T cell pool of
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Thymie APC: TEC, DC, MO Peripheral APC: B, DC, MO
2

1 ”

SELF-TOLERANCE AUTO-IMMUNITY
Clonal deletion Activation of 'forbidden’
Anergy self-reactive T cells
Generation of Tryg Induction of memory T cells

FIGURE 2. MHC presentation of self-antigen and autoantigen drives opposite immune
responses. This novel concept proved to be valid for an IGF-2—derived self-antigen and the
INS B:9-23 dominant immunogenic autoantigen. The tolerogenic properties of thymic self-
antigens should lead to the development of a new generation of vaccines against organ-
specific autoimmune diseases.

diabetic patients could contain only CD4 directed against INS-derived epitopes and
the IGF-2 self-antigen would be recognized by those cells as a natural altered peptide
ligand, eliciting a different response because of different transduction after binding
to TCR specific for the DQ8-INS B:9-23 complex. On the other hand, the IGF-2 self-
antigen could stimulate IGF-2—specific CD4+25+ Trgg cells. These preliminary
data show that IGF-2 is a potent inducer of the secretion of IL-10, a major regulatory
cytokine with potent immunosuppressive and anti-inflammatory properties.’*>>
They also document the potent tolerogenic properties of an IGF-2—derived peptide
and may explain why it is so difficult to obtain antibodies to IGF-2 at high titers after
active immunization with this peptide.

Most probably it is now time to distinguish an autoantigen and a self-antigen
(F1G. 2). Although they are highly homologous and belong to the same family, they
are not identical and this biochemical difference drives opposite immune responses
(i.e., immunogenic vs tolerogenic, respectively). The powerful physiologic role of
the thymus in self-tolerance induction should be further exploited to prevent and/or
cure severe autoimmune diseases (such as TIDM) that constitute the tribute, paid
mainly by mankind, for the complexity and efficiency of the immune system.
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