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The thymus is now well recognized as the primary
lymphoid organ responsible for T cell differentiation
(1), and thymus research has provided significant
insights inte the molecuiar aspects of this complex pro-
cess during the latter half of the eighties (2. 3). There
is now ampie evidence that T cell differentiation is not
a pure automatic genetically-driven process, but 1s inti-
mately regulated by thymic microenvironmental cells
{4, 5, 6, 7). The physiological role of the thymus in T
lymphocyte differentiation appears to be dual and
apparently paradoxical.

In the first place, the thymus is required (8) for
the induction of central immune tolerance by negative
selection of potentially self-reactive T-cells emerging
during the differentiative process after the random
recombination of T cell receptor (TCR) genes (9, 10).
From this point of view, the thymus may be regarded
as a cemetery for = 85% of thymocytes (pre-T cells)
which will die locally by apoptosis {or programmed
cell death) (11). This phenomenon was shown to result
from a high affinity interaction between the association
of a major histocompatibility complex (MHC) protein
and a self peptide oa one side, and a specific TCR
offering the precise configuration for this association
on the other side (12, 13, 14). Secondly, the thymic
environment provides the various signals necessary for
T cell positive selection and the development of the
mature peripheral T cell repertoire (15). While the
genetic programme as weil as the successive stages of
T cell differentiation are increasingly understood, it
remains to firmly establish the molecular ways by
which the thymic micreenvironmental signals regulate
the expression of T cell differentiation markers and the
recombination of TCR-coding genes of develeping T
cells.
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On the basis of our original observations, we
describe in this review a novel and highly effective
model which transposes. from the tissular and cellutar
levels to the neuroendocrine self peptide repertoire, the
dual physiological function of the thymus in negative
and positive selection of T lymphocytes.

THYMIC CRYPTOCRINE CELL-TO-CELL
SIGNALLING

In the investigation of the thymic neuvropeptide
repertoire. our group has previously shown that the
central organ of T cell differentiation was the site of
biosvnthesis of neurohypophysial (NHP)- {16, 17) and
tachykinin {TK)- related signals (18). This synthesis
was shown to take place in the same epithelial cell
subsets known to contain also ir interleukin-1 and thy-
mulin (19, 20). However, the thorough examination of
the cellular and molecular aspects underiying our initial
observations has led us to conclude that the classical
model of neurosecretion established 1 1944 by
Scharrer and Scharrer (21) for the hypothalamo-
hypophysial axis could not be entirely applied to the
intrathymic svstem of epithelial cell-to-T c¢ell
signalling.

Cryptocrine communication

The novel concept of cryptocrine comumunication
was recently introdaced by I.W. Funder (22) 1
describe the exchange of information in secluded
microenvironments between specialized epithelial cells
and migratory developing elements. At least two exam-
ples of cryptocrine signalling exist in the human body.
at the levels of the rhymus, between epithelial/ nurse”
cells (TEC/TNC) and immature pre-T cells (thymocy-
tes), as welt as of the testis, between Serteli ceils and
spermatids. The precise molecular mechanisms respon-
sible for the thymic and testicular expression of NHP-
related signals are under current investigation in our
department and in other laboratories (23). The co-
localization in TEC/TNC of a neurcphysin (NP)-like
protein domain together with oxytocin (OT) and vaso-
pressin (VP)-like immunoreactivities suggests the exis-
tence of a hitherto unidentified gene coding for a new
member of the NHP precursor family.

On the basis of immunocytochemical analyses, a
plausibie candidate encoded by this gene could be
vasotocin (VT), the ancestral precursor of hypothalam-
ic VP and OT neurchormones (24). VT is a hybrid
NHP peptide formed by the 6 amino acid cyclic part
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of OT and the 3 amino acid lateral linear sequence of
VP. In the human species, the gene responsible for the
intrathymic expression of NHP-related peptides would
be predeminantly functional during foetal development
(25), the life period during which the human thymus
exerts its principal regulatory activity upen T cell
ontogeny.

Functional signalling

The existence of a functional thymic cryptocrine
signalling through NHP-related peptides, is further
demonstrated by the identification of NHFP peptide
receptors in rat thymus, on rat thymocytes (26), as well
as on a murine immature {ymphomatous pre-T cell line
(RL1Z-NP) (27). This celi line is derived from a thym-
ic lymphoma induced by fractionated X-irradiation in
C57Bl/Ka mice. Using RL12-NP, various signals of the
NHP peptide family were shown to be transduced
according to the ruies established for VP Vi-type and
OT receptors expressed by other cellular systems (28).
in serum-free cultures, a phosphoinositide breakdown
tollows the binding of VP, OT or VT to their RL12-
NP receptors, and this leads to an increase of cytoplas-
mic inositol-triphosphate (IP3). Preliminary results have
also evidenced a stimulatory effect of VP, OT and VT
on [3H]thymidine incorporation by thymocytes freshly
isolated from human and murine thymuses, and cui-
mred in serum-free coanditions (29). This effect most
probably reflects a mitogenic action since the hydroly-
sis of membrane phosphoinositides by receptors G-cou-
pled to phosphoinositidase C generally appears to
mediate mitogenic signals. Of high relevance is the
fact that the stimulation of phosphatidyl-inositol break-
down is the principal pathway implicated in T cell
activation (30). Altogether, even if some specific
molecular points remain to be elucidated, these studies
strongly support the intervention of thymic NHP-rela-
ted peptides as accessory signals in the process of T
cell differentiation/activation.

Mitogen response

NHP-related peptides have already been shown to
intervene as eariy signals of the mitogenic respouse in
different cell systems (31, 32). A disturbance of this
molecniar dialogue could be involved in oncegenesis.
either at the level of the signal (paraneoplasic svn-
dromes) or of the recepror {pathogeny of T cell lym-
phoma). At the first level, for example, it is well
known that thymomas (tumours derived from the thym-
ic epithelial compartment) are the third cause of
Schwartz-Bartter syndrome (paraneoplasic VP secre-
tion) {33, 34). At the second level, the implication of
TNC in the pathogeny of lymphoproliferative disorders
is now well demonstrated (35), whereas lymphoid
malignancies may arise from abemrant differentiation
(36).

V. Geenen ef al.

Pharmacological manipulations

Further studies have also evidenced functional
NHP peptide receptors on a murine differentiated cyto-
toxic T cell line (CTL-L2) (29). The specificity of the
transduction of NHP-related signals by lymphocytes
was demonstrated by the inhibition of [P3 production
in presence of VP and OT antagonists (designed to the
VP Vi-type receptors and to the uierine OT receptor,
respectively). The RLIZ-NP transduction of NHP sig-
nals was preferentially inhibited by a V1 antagonist
(namely 1-(B-mercapto-B,3-cyclopentamethylenepropio-
nic acid), 2-(O-methyl)[tyrosine]arginine vasopressii,
Peninsula), whereas an OT antagonist {1-deamino,-
2DTyr(OEL)-4Thr-8-Omn oxytocin, Ferring AR Malmag,
CAP 433) was more potent on CTL-L2 cells (29).
These latter observations suggest a shift or some
molecular maturaticn of the NHP peptide receptor
expressed by T cells according to their stage of
differentiation. They alse argue for the pharmacological
manipulation of the cryptocrine model, and open new
potential immunomodulating strategies through the
molecular design of immune-specific neuropeptide
antagonists. Such OT antagonists could lead to selec-
tive immunotherapy in crucial life perieds such as the
post parfum, during which an immune disequilibrinm
results from the increase of lactation-inducing hor-
mones OT and prolactin, as well as from an increase
in the oestrogen/progesterone ratio (37).

THYMIC NEUROHYPOPHYSIAL-RELATED
SELF PEPTIDES

In the overall evelution of intercellular communi-
cation, cryptocrine cell-to-cell signalling is a rather
primitive step located between the adhesion and para-
cring stages (22, 38). The cryptocrine signalling evi-
denced in the thymus introduces an obligatory step in
developmental biology: the recognition of the seif
molecular structure by the T cell system along its
differentiation. Using wvarious well-characterized poly-
cional and monoclonal antibodies (mAbs) against NHP
precursor-derived peprides, the immunodominant epi-
topes representative of the NHP family (NHP self epi-
topes) expressed in the thymus have been defined (39).
They were found to be located within the & amino acid
cyclic part of OT shared by different members of this
family, as well as in the central domain of NP which
is encoded by the second exon of NHP precursor genes
and which exhibits a very high degree of conservation
in phylogeny (23).

Central immune tolerance

If further demonstrated, the presentation by MHC
molecules of these NHP self epitopes could logically
induce the central immune tolerance of hypothalamo-
neurchypophysial functions (40}. This tolerogenic effect
would result in this case from the clonal deletion of
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The thymic repertoire of neurcendocrine sell pept

ides

Figure |: Immunofluorescence staining ol TNCs isolated from C37BI/Ka mice with a panel of antibodies: (A) mAb O33 directed
against the cyclic immunodominant epitope of NHP family {first NHP sell epitope) (39), (B) polvcional antiserum against the central
domain of NP (second NHP self epitope) (24); (C) mAb to a complex ganglioside (A2B3) expressed by various components of the
diffuse neuroendocrine system {79): {D} mAb to murine MHC class [T molecules (Ia). The external limits and the c¢ytoplasm of the
epithelial part of TNCs are immunostained. The shaded areuas correspond to TNC caveoles containing pre-T cells (417,

highly reactive T celis harbouring a randomly rear-
ranged TCR offering the precise configuration for the
MHC/self NHP epitope(s) association(s). A first argu-
ment supporting that view is the co-expression by iso-
lated murine TNC of MHC ciass If (Ia) molecules, of
neuroendocrine markers {A2B5, NSE), and of the
immunodominant epitepes of the NHP peptide family
(033 epitope, NP} (Fig. 1). As demonstrated in our
original report (41), TNC represent an original, if not
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unique, example of an extremely intimate association
between one compoenent of the diffuse neuroendocrine
system {42) and developing T cells, the TNC-engulfed
thymocytes. It has also been shown that TNC are able
to present sell antigens (43). Given the mmportance of
OT-related peptides in the control of reproductive func-
tions (parturition, lactation and gonadal tunctions), it
seems logical that they are strongly “protected™ against
a potential autoaggression by the 1mmune system.
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Table I. [nteractions between the NHP peptide family and the
immmune system,

Negative selection
{NHP self epitope presentation)

Positive sefection
{cryptocrine signalling)

Physiology :

Tolerance of hypothalamo-
neurohypophysial functions

Accessory signals in T cell
differentiation/activation

Implications :

Autoimmune hypothalamitis
(“idiopathic™ diabetes insipidus)

3rd cause of paraneoplasic VP
secretion = thymomas
(pathology of NHP signal)

Oncogenesis of T cell lymphomas  Breakdown of tolerance by
(pathology of NHP receptor) ackive immunization against VP

Frequence and titers of Abs
against NHP-telated peptides
(VP > OT > VT)

Immunomodulation by OT/VP
receptor agonists or antagonists

Since the water metabolism-regulating neurohormone
VP differs from OT by only one amino acid in the
immunodominant cyclic part, it may be less “tolerated”
by the immune system. Interestingly, some authors
have described cases of idiopathic diabetes insipidus
that were secondary to autoimmune processes against
hypothalamic NHP-producing neurones {44). To our
knowledge, such pathogenetic processes have never
beer: described against hypothalamic or gonadal granu-
losa (45, 46) CT-producing cells. Experimental break-
down of immune tolerance by active immunization
against VP was also shown to induce inflammatory
lesions in the hypothalamo-neurohypophysial axis (47).
Finally, another indirect argument for a stronger
immune tolerance of OT-related peptides may be
deduced from the frequence and the titers of antibodies
resulting from active immunization against NHP pep-
tides (VP > OT > VT) (48).

Therefore, by conceatrating our interest towards
the impact of thymic NHP-related peptides upon the
process of T cell differentiation, the model of neuro-
secretion has progressively shifted to the novel con-
cept of crypiocrine cell-to-cell signalling. In parallel,
at the molecular level, the classical “neuropeptide”
model was replaced by the more effective working
concept of NHP “self peptide(s)” {49, 50}. At the
genetic level, these evolutionary aspects of cellular
communication appear fo have their counterpart in
the melecular evolution of signal-coding genes (38).
The Table I summarizes the actual state of our
knowledge about the physiclogical and pathological
implications of the interactions between the NHP
peptide family and the immune system. As outlined
above, thymic NHP self antigens may exert a dual
role in T cell differentiation according to the molec-
ular type of interceilular dialogue considered (crypto-
crine signalling or NHP self epitope presentation by
MHC molecuies).

s
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Table 1I The thymic repertoire of neurcendocrine self antigens,

Hormoene members of Thymic peptide repertoire
{tissue members of

nenroendocrine gene {amilies)

neuroendocrine gene families

Insulin Insulin-like growth factors
(IGF-1, IGF-2} (54, 55)

Parathurmaone Parathormone-reluted peptide
(PTH-rP} (80)
Calcitonin Calcitonin gene-related peptide

(CGRP) (81)

Neurchypophysial hormones VT 7 (17, 24, 38)
{(NHP) Other OT/VP-related peptide ?

Tachykinins (TK) Neurokinin A (NEA) (18)

THE THYMIC REPERTOIRE OF
NEUROENDOCRINE SELF ANTIGENS

The model described for NHP-related self peptides
can also be applied to other neural-related or endocrine
molecules (Table IH). In collaboration with the
Laboratory of Molecular Neurobiology of the
Karolinska Institute, we have previously reported the
intrathymic expression of neuropeptide ¥ and prepro-
tachykinin-A {PPT-A) mRINAs in the rat thymus (18).
At the peptide level, neurokinin A (NKA) was the
product of PPT-A gene which was detected in thymic
A2B5+ epithelium. The other peptide encoded by the
PPT-A gene, substance P (S8P), could be extracted from
rat and human thymuses; hewever. using immunocyto-
chemistry, it could only be detected in sensory nerve
fibers of the thymus and, most probably, derived from
the expression of PPT-A gene in ganglionic nerve cell
bodies, outside the thymus (18). This observation is in
perfect accordance with the reported mitogenic effects
of NKA (but not of SP) upon thymocytes (51). Since
specific SP-receptors are found on cells of the thymic
bed vasculature (52), the SP-mediated sensory innerva-
tion seems to be involved in the control of thymic
blood flow, rather than in the regulation of T cell
differentiation. At the level of the pnimary amino acid
sequence, NKA and SP are highly homologous TK-
refated peptides which share a commeon 4 amino acid
C-terminal immunodominant epitope (53). Therefore,
besides the accessory activation properties of NKA in
T cell positive selection, it is logical to see the 10
amino acid sequence of NKA as the tolerogenic TK
self pepiide in front of the differentiating T cell
system.

Thymic insulin-like growth factors

With regard to the insulin hormone superfamily.
insulin-like growth factors were found to be expressed
in the thymic stroma, both at the peptide and mRNA
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The thymic repericire of neurcendocrine self peptides

levels (54, 53). The celiular localization of thymic ir
IGFs, as well as their precise immunochemical nature.
remain however to be further defined. Given the high
homology (x 60% 1dentity) between the primary amino
acid sequences of insulin and IGFs, classical immuno-
chemical methods failed for a long time to distinguish
the precise molecular identities of these polypeptides.
Again, the presentation by MHC molecules of immu-
nodominant epitopes representative of the insulin fam-
ily (common insulin/IGF self epilopes) could induce
the central immune tolerance of pancreatic endocrine
function. The central immune tolerance would result in
this case from the negative selection of potential insu-
lin/IGF self epitope-reactive T cells emerging during
the random recombination of TCR genes. A recent
study has further provided another indirect argument
supporting the involvement of insulin-IGF2 region on
chroemosome 11p in HLA-DR4-dependent diabetes sus-
ceptibility (56}. This tolerogenic etfect of insulin/IGFs
self epitope(s) does not exclude the implications of
thymic IGFs in T cell positive selection; this latter
action was attested by the implication of IGF-mediated
signailing in the development of T cell lymphomas
(57). More significantly, the identification of the pre-
cise insulin/IGF self epitope presented in the thymus to
the mataring T cell system could lead to the identifica-
tion of the primary self antigen involved in the autoim-
mune cascade leading finally to overt type I insulin-
dependent diabetes (58).

Other thymic neuroendocrine-related
polypeptides

Although analogous comparisons have to be made
very cautiously, the same model can also be easily
applied to the immune toierance of calciotropic hor-
mones, parathormone and catcitonin, through the tissu-
lar members of the corresponding families. These latter
derived either from an ancestral distinct gene {e.g
PTH-rP) (58, 60), or from an alternative splicing of the
hormonal gene (e.g. CGRP) (61). At the amino acid
level, these tissue factors also share immunedominant
epitopes with the cerresponding hormone, a biochemi-
cal characteristic which rendered their identification
impossible through classical immunochemical methods.

Other recent studies have also described the intra-
thymic expression of several other neuropeptides.
sometimes at the mRNA level (62, 63, 64, 63).
However, these studies do not permit a precise evalua-
tion of the role exerted by these polvpeptides in T cell
differentiation.

The dual role of the thvmus in
T Iymphocyte differentiation

The duai role of the thymic self peptide repertoire
in T cell development is schematized in Figure 2. The
coherence and the validity of our model is further sup-
ported by previous reports which have proven the
implication of self peptides in positive selection (66,
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NEUROENDOCRINE PRINCIPLES

Self epitope of “X"
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$O

]y

CRYPTOCRINE SIGNALLING SELF PRESENTATION

Figure 2: Schematic representation of the two types of interac-
tions occurring in the thymus between TEC/TNC and pre-T
cells. This molecular model transposes at the peptide level the
dual physiological role of the thvmus in both positive and neg-
ative selection of T lymphocytes. See the text for a full expla-
nation of the figure.

67). The key point in the validation of this model will
be of course to demonstrate that thymic MHC mole-
cules are able to “present” neuroendocrine precursor-
derived peptidic self sequences, in a similar way as the
presentation of nonself peptides by peripherai MHEC
(68, 69, 70). This point is presently under active inves-

tigation in our laboratory. In close relation with this

research objective, it has been recently shown that nai-
urally processed peptides fragments eluted from MHC
class II molecules were peptides of 13-17 amino acids
in length (71). In the actual stage of its development,
our model nevertheless presents significant advantages
by comparison with other previous hypotheses. Those
models were in fact established on what appears a
major paradox in immunology, fe. that both positive
and negative selection could be mediated by the same
set of molecules (TCR and MHC + self X complexes).
Consequently, a difference in the affinity of interactions
had to be advanced to explain a negative (following a
high affinity interaction TCR/MHC + self X) or a pos-
itive (resuiting from a moderate or low affinity interac-
tion between the same molecufes) selection of T lym-
phocytes (72, 73). As outlined in this review, we pro-
pose another explanation that is based on two separate
types of interactions with distinct sets of molecules. In
this model (24). the positive selection is mediated by
cryptocrine signalling and implicates an interaction of
moderate affinity (around 10-10 M) (29) between a
signal peptide X and a specific X receptor (R “X")
expressed by the target T cell. The negative selection
follows the presentaticn by a thymic MHC molecule of
the self X epitope and a high affinity interaction with a
TCR offering the precise configuration for this associ-
ation MHC/self X epitope.
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A novel model

In the present stage of our research about the neu-
roendocrine self-peptide repertoire expressed in the thy-
mus, this organ appears progressively as a highly spe-
cialized school for the education of T celis in self new-
roendocrine principles. In the human species, this
school 1s working essentially during foetal develop-
ment, and the only reward scheduled for a perfect edu-
cational degree is the preogrammed death or the apopto-
sis of the T cell graduate (74)!

Another important consequence resulting from the
above model is the fact that the thymus is not the site
for the presentation of all self peptides, but that molec-
uiar evolution has selected primitive tissular members
of hormone gene families which are -effectively
expressed within that organ. Finally, it must be recalled
that the thymic cional deletion of self-reactive T cells
is not a perfect mechanism since the presence of auto-
reactive T cells is a frequent observation in normai
individueals (75). This is an important argument sup-
porting the intervention in the pathogenesis of autoim-
mune disorders of several different factors, among
which one may include the emergence of self-reactive
T cells during their differentiation in the thymus.

As discussed before, new specific immunomodulat-
ing approaches may be designed on the pharmacologi-
cal manipulation of the cryptocrine signalling (76). The
precise nature of the thymic neuroeadocrine self anti-
gens may also lead to the design of early medical
detection procedures and of preventive therapeutics for
various autoimmune endocrine disorders (77, 78).
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