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Abstract

We have found that the lack of EphB2 or EphB3 courses with decreased proportions of early thymic progenitors
seeding the adult thymuses of EphB-deficient mice. The origin of these deficiencies is commented on the basis of
profound alterations observed in the thymic epithelium of these mutant mice.
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Short Communication
Unlike B lymphocytes that differentiate in the bone marrow (BM), T

lymphocytes need the special 3D epithelial microenvironment of the
thymus to develop properly, in which they establish intimate
interactions with Thymic Epithelial Cells (TECs). Thus, whereas B
lymphocytes derive from haematopoietic progenitor cells in the BM, T
cells need more- or-less committed lymphoid progenitors to colonize
the adult thymus through blood vessels because this organ lacks auto-
renewing progenitor cells [1]. Mechanisms involved in the selective
migration of BM progenitor cells have been largely associated with
attracting chemokines [2-4] and molecules involved in lymphoid cell
migration through vascular endothelia, such as integrins and selectins
[5-7]. However, in recent years other molecules, including members of
the CDM family (Caenorhabditis elegans CED-5, human DOCK180
and Drosophila melanogaster myoblast city (MBC)) [8], polysialic acid
[9], Sphingosine-1-phosphate [10] and semaphorins [11] have been
reported to be involved in the migration of lymphoid progenitors into
the thymus. Furthermore, we have demonstrated that the tyrosine
kinase receptors, Eph of subfamily B and their ligands, Ephrins B, also
play an important role in the process [12].

Eph are the largest class of tyrosine kinase receptors of animal cells
[13]. They and their ligands, Ephrins, are divided into two families A
and B, the first one comprising 10 members that interact with Ephrins
A (6 members) whereas EphB (6 members) bind largely Ephrins B (3
members). Eph and Ephrins constitute a very plastic system in which
each Eph can bind several Ephrins, and vice versa. Furthermore, both
molecules send intracellular signals, called forward and reverse signals,
respectively [14]. Eph/Ephrin signaling occurs after oligomerization of
both receptors and ligands. Eph dimerization courses with
phosphorylation of the yuxtamembrane domain, whereas
tetramerization phosphorylates other tyrosine residues of the
cytoplasmic domains of Eph, beginning the forward signaling cascade
through GTPases of family Rho and ERK/MAPK. Ephrin A activation
enhances integrin-dependent adhesion through the Src protein
tyrosine kinase, Fyn and MAPKs. On the other hand, EphrinB reverse
signaling begins with the phosphorylation of cytoplasmic tyrosines
that recruit the adaptor Grb4 and regulatory proteins of cytoskeleton
or through the PDZ domain that contains a regulatory region of
heterotrimeric G proteins (Figure 1) [15].

Over the last few years we have conclusively demonstrated the
relationship between some Eph and Ephrins and numerous processes
occurring in the thymus [16,17], including the lymphoid seeding of
murine adult thymus [12]. Previously, we [18,19] and other authors
[20-22] had reported their involvement in cell migration in different
experimental models, although there were only few in vivo studies.

Thymuses from adult mice lacking EphB2 or EphB3 or expressing a
truncated form of EphB2, deficient in forward but not in reverse
signals (EphB2-lacZ), showed an important reduction in the
percentages of Early Thymic Progenitors (ETP), close to 50%
compared to those of WT mice, and of intravascular injected bone
marrow (BM) Lin- cells that seed in vivo the adult thymus. It is
important to remark that, although all studied mutant BM progenitors
show a decreased ability to colonize WT thymuses, this decrease was
greater when EphB2-/- cells were injected, indicating a more
determinant role of EphB2 than of EphB3 forward signaling in thymus
seeding. Remarkably, a similar defective colonization occurs after
injection of EphB2-lacZ Lin-progenitor cells, indicating that Ephrin B
signaling to vascular endothelial cells is also important for a proper cell
seeding of the thymus. In previous in vitro studies, however, we found
that Ephrin B reverse signaling is sufficient to recover BM Lin-
progenitor setting of FTOCs [18], supporting a difference between fetal
and adult thymus colonization.

Decreased seeding of lymphoid progenitors in these mutant adult
thymuses can be attributed to several, non-excluding factors such as:
decreased numbers of migrating lymphoid progenitors from bone
marrow, altered mechanisms of homing to the thymus and/or
accelerated differentiation of mutant ETP.

Both haematopoietic progenitors, especially more primitive ones
[23-25], and BM stromal cells express several Eph and Ephrins [26-28].
On the other hand, EphB2-, but not EphB3-deficient adult mice, show
important alterations in the proportions of primitive haematopoietic
progenitors, including haematopoietic stem cells (HSC), multipotent
progenitors (MPP), early lymphocyte progenitor (ELP) and common
lymphoid progenitor (CLP), but not in hose more differentiated
assumed to be directly involved in thymus homing [12]. In EphB2-lacZ
BM, only HSC and MPP cells showed decreased percentages.
Differences in the lympho-haematopoietic phenotypes of EphB2 and
EphB3 deficient mice have been repeatedly described [16] and BM
stromal cells express 20 times more EphB2 than EphB3 or EphB4 [29].
In agreement, EphB4 transgenic mice contain an expanded BM
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haematopoietic progenitor cell compartment but show few effects on
the lineage committed cell populations [24] and activation of cord
blood CD34+ cells by ectopic expression of EphB4 accelerates the
transition of primitive cells to lineage restricted precursors [30].

Figure 1: Eph/Ephrin B signaling. Both EphB and ephrins B are
expressed in TEC and thymocytes, the most important cell types
present in the thymus. They oligomerize and trigger Eph-forward
and Ephrin-reverse signaling that mainly depend on specific
functional domains such as TM (transmembrane domain), TK
(tyrosine kinase domain), SAM (sterile alpha motif) or PDZ, on
Eph receptors, and PDZ domains, on ephrin B ligands.

Interestingly, as mentioned there are no changes in the proportions
of mutant progenitor cells expressing CCR7, CCR9 and P-selectin
glycoprotein ligand-1 (PSGL1) capable of efficiently seeding the adult
thymus. In agreement, we have not found changes in the numbers of
CD45+ paired-immunoglobulin-like receptor, PIRA/B+ lymphoid
progenitors that colonize the early thymic primordium of these
mutants from the fetal liver [31]. These results suggest that other
factors rather than decreased numbers of migrating BM cells could be
responsible for the reduced proportions of ETP found in the mutant
thymuses.

Independently of the peripheral blood cell population involved in
the seeding process, the absence of Eph/Ephrin B signaling in the
studied mutants could contribute to its release from the BM. EphB4+
haematopoietic cell migration within BM is inhibited by contact with
Ephrin B2 stromal cells [26] and EphA3-Fc protein treatment
mobilizes primitive haematopoietic progenitors in the peripheral blood
[32]. On the other hand, EphB-dependent mobilization of BM
lympho-haematopoietic progenitors could be mediated by CXCL12, a
chemokine known to be involved in migration/retention of primitive
haematopoietic progenitors in BM [33]. Eph interact with CXCR4, the
CXCL12 surface receptor [34], Ephrin B1-Fc fusion proteins stimulate
CXCL12-dependent migration of pulmonary lymphocytes [35] and
Eph-Ephrin interactions inhibit CXCL12-mediated chemotaxis of
cerebellar granular cells [36].

Together, these results suggest that the reduced ETP proportions in
EphB-deficient thymuses are presumably due to the altered production
and/or expression of molecules known to be involved in lymphoid
seeding rather than to variations in the number and/or capabilities of
lymphoid progenitors colonizing the organ. These alterations of
chemoattractant molecules are presumably a consequence of the severe

alterations that affect the epithelial cell component and the
morphology of blood vessels (BV) in the mutant thymuses [37,38]. A
reduction in CCL21 expression associated with the mouse endothelial
cell antigen (MECA) 32+ BV endothelia occurs in the mutant
thymuses compared to the WT condition. CCL25, another chemokine
involved in thymic seeding, is strongly expressed by TECs but only
slightly on BV endothelia. Presumably, CCL25 molecules permeate
through the BV to attract circulating CCR9+ progenitor cells into the
thymus. There is also an important reduction in P-selectin expression
in the thymic endothelia of both EphB2-/- and EphB3-/- mice, but not
in EphB2-lacZ ones, that could contribute to the decreased
colonization. In supporting, previous studies have demonstrated the
close relationships between Eph/Ephrin, chemokines and cell
migration in different systems [19,39-41], and activation through
EphB4 upregulates PSGL1 expression on endothelial cells [42].

Figure 2: Diagram shows the lymphoid seeding in WT and EphB2-
deficient thymuses. The bone marrow of WT mice contains more
early haematopoietic progenitors (HSC, MPP, ELP and CLP) than
that of EphB2 KO ones, but there are similar numbers of colonizing
lymphoid progenitors (circulating CCR7+ and/or CCR9+ cells).
Thus, reduced seeding of mutant thymuses seems to be associated
with a decreased production of CCL21 and CCL25 and low
expression of Ephrin B1 and Ephrin B2 in thymic endothelia.

We had previously demonstrated that chemokine-mediated
migration of EphB2-/- Lin- BM-derived precursor cells in Transwell
assays was significantly reduced [18] and crosstalk among Eph/Ephrin,
integrins and chemokine receptors have been repeatedly reported in
other systems [43]. Data on Eph/Ephrin and selectin relationships are
less known but EphB4 activation up-regulates PSGL1 expression in
endothelial progenitor cells [42]. On the other hand, the expression of
both Ephrin B was significantly reduced in the vascular endothelia of
EphB2-deficient thymuses, more severely in the case of Ephrin B1.
Ephrin B1, but not Ephrin B2, expression was also decreased in
EphB3-/- thymic BV endothelia. Since EphB2 is strongly activated by
Ephrin B1 rather than by Ephrin B2, we could conclude that EphB2/
Ephrin B1 signaling appears to be an important, specific regulatory
pathway in thymic seeding.

Finally, the possibility that reduced ETP proportions in EphB-
deficient thymuses is related to their accelerated maturation after
homing to the organ, must be discarded because these thymuses do not
recover the normal numbers of thymocytes, as reported in other mice
with defects in thymic seeding [44]. On the contrary, EphB2-/- and
EphB3-/- fetal thymuses show a delayed maturation of early
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thymocytes [38], increased apoptosis and lower proportions of cycling
cells, as compared to WT thymuses [38,45]. These processes could be
associated with decreased IL7/IL7R signaling, reduced expression of
Dll4, a ligand of Notch involved in early thymocyte maturation, and
low numbers of TCRβ transcripts [38].

A summary of these results is shown in Figure 2, in which thymic
lymphoid seeding is compared between WT and EphB2-deficient
mice, emphasizing decreased proportions of primitive haematopoietic
progenitors, but not of more mature committed lymphoid cells, that
presumably seed the thymus. It also illustrates an important reduced
thymic production of CCL21 and CCL25 and low expression of Ephrin
B1 and B2 on the vascular endothelial cells of mutant thymuses.
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