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Introduction

Summary

In the present study, we have analysed the phenotype of EphB2 and/or
EphB3 deficient thymocytes confirming and extending previous studies on
the role of this family of molecules in T-cell differentiation. In all mutant
thymuses statistically significant reduced cell contents were observed. This
reduction of thymic cellularity correlated with increased proportions of
apoptotic cells, largely both double negative (DN; CD4~ CD8") and dou-
ble positive (CD4" CD8") cells, and decreased proportions of DN cycling
cells. Adult deficient thymuses also showed increased proportions of DN
cells but not significant variations in the percentages of other thymocyte
subsets. In absolute terms, the thymocyte number decreased significantly
in all thymocyte compartments from the DN3 (CD44~ CD25"%) cell stage
onward, without variations in the numbers of both DN1 (CD44" CD25")
and DN2 (CD44" CD25") cells. Remarkably, all these changes also
occurred from the 15-day fetal EphB2 and/or EphB3 deficient mice, sug-
gesting that adult phenotype results from the gradual accumulations of
defects appearing early in the thymus ontogeny. As a reflection of thymus
condition, a reduction in the number of T lymphocytes occurred in the
peripheral blood and mesenteric lymph nodes, but not in spleen, main-
taining the proportions of T-cell subsets defined by CD4/CD8 marker
expression, in all cases.
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regulating cytoskeleton dynamics, cell adhesion and inte-
grin activity, but also by modulating gene expression and

Eph kinases are the largest family of cell surface receptor
tyrosine kinases. In mammals, they comprise two groups
of 10 EphA and six EphB receptors that bind other sur-
face molecules called ephrinA (six members of glycosyl
phosphatidylinositol-anchored proteins) and ephrinB
(three members of transmembrane proteins). Both kinases
and ligands transmit cytoplasmic signals and each recep-
tor can bind several ligands and vice versa making this
family of proteins a plastic and very complex biological
system involved in a broad spectrum of cellular functions.
In general, these molecules determine when and where
the different cell types must move, attach or detach being,
accordingly, involved in morphogenesis, cell positioning
and cell migration. These functions are accomplished by

distinct intracellular pathways.'

Most Eph/ephrin have been detected in the thymus, a
highly compartmentalized organ involved in T-cell matu-
ration.”™* Their roles and mechanisms of action in the
organ are, however, controversial and largely unknown.
We demonstrated that the interference of Eph/ephrinA
signalling partially blocked T-cell differentiation and
induced thymocyte death in rat fetal thymic organ cul-
tures (FTOC).? In a similar model, we recently showed
that the addition of either EphB2-Fc or ephrinBl-
Fc fusion proteins to FTOC decreased the number of
both double positive (DP; CD4" CD8") and single posi-
tive (SP; both CD4" CD8™ and CD4~ CD8") thymocytes,
in correlation with increased apoptosis.” In vivo, EphA4-

Abbreviations: DN, double negative; DP, double positive; FTOC, fetal thymic organ culture; SP, single positive; TEC, thymic

epithelial cell.
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deficient mice showed hypocellular thymuses with a
decreased proportion of DP cells, accumulation of DN3
(CD4~ CD87; CD44" CD257) thymocytes and profound
collapse of the cortical epithelial meshwork.® On the con-
trary, other studies have reported that EphB6~'~ mice
exhibited normal cellularity with no structural alterations
in the thymus although they did present compromised
T-cell functions.”® But EphB6 overexpression in trans-
genic mice resulted in breakdown of the thymic cortex—
medulla limits and alterations in the splenic white pulp.’
On the other hand, ephrinBl has been reported to be
critical for T-cell development. EphrinBl knock-down
mice appear to have significantly altered T-cell develop-
ment'® and murine FTOC that grew in the presence of
ephrinBl-Fc fusion proteins contained a decreased pro-
portion of DP cells and increased percentage of both SP
thymocytes.!' However, a thymus phenotype has not been
found in mice deficient in EphB2, one of the main recep-
tors of ephrinB1.”

In order to extend and clarify the presumptive role of
Eph/ephrin in thymus development, we have examined
the in vivo phenotype of deficient mice for either EphB2
and/or EphB3. The first studies associated these Eph
kinases and their ligands with the guidance of axons and
palate formation.'*™** Further results demonstrated their
involvement in the control of cell positioning in the intes-
tinal epithelium,'” vascular and urorectal develop-
ment,’*!” in the co-ordination of migration and
proliferation in the intestinal stem cell niche'® and
tumorigenesis, especially of epithelial origin.'*>

Both EphB2 and EphB3** as well as their main ligands,
ephrinBl and ephrinB2, have been reported to be
expressed in total thymocytes >’ and could be involved
in T-cell activation. Both EphB co-migrate with T-cell
receptor (TCR) to lipid rafts after treatment with anti-
CD3 monoclonal antibody (mAb)* and cross-linking of
EphB2 receptors with ephrinB1 in mouse thymocytes pro-
tects them from anti-CD3 antibody-induced apoptosis.”
After TCR ligation, solid-phase ephrinBl1 stimulates T-cell
responses, including cell proliferation, lymphokine pro-
duction and cytotoxic T lymphocyte activity.'” However,
the stimulation of CD3" thymocytes with ephrinB1 blocks
the main responses induced via TCR, including inter-
leukin-2 production and up-regulated CD25 expression.”
Recently, we extended these results demonstrating that
immobilized EphB2-Fc and ephrinB1-Fc modulate anti-
CD3 antibody induced apoptosis of DP thymocytes in a
process dependent on concentration.” Moreover, ephrinB1
and ephrinB2 inhibit Jurkat and normal T-cell chemotaxis
induced by stromal-derived factor-1o.**"

In the current work we show that the lack of EphB2
and/or EphB3 in mice results in an important decrease in
thymic cellularity and slight variations in the relative pro-
portions of thymocyte subpopulations, largely affecting
the double negative (DN; CD4™ CD87) compartment
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confirming previous data that suggested a role for Eph
and ephrin in thymus biology.

Materials and methods

Mice

EphB2- and/or EphB3-deficient mice in a CD1 back-
ground were provided by Dr Mark Henkemeyer (Univer-
sity of Texas, Southwestern Medical Center at Dallas,
Dallas, TX). The day of vaginal plug detection was desig-
nated as day 0-5. All animals were bred and maintained
under pathogen-free conditions in the Complutense Uni-
versity of Madrid facilities. Descendents from hetero-
zygous parents were used for analysis in all cases.

Reverse transcription—polymerase chain reaction
(RT-PCR) analysis

Thymocyte cell suspensions were labelled with mAbs CD4-
Tricolor, CD8up-antigen-presenting cell (APC; Caltag
Laboratories, Invitrogen, Barcelona, Spain) and TCRof-
fluoroscein isothiocyanate (FITC; BD Biosciences, Erem-
bodegem, Belgium). Thymocyte subsets [CD4~ CD8™
TCRaf~ (DN), CD4* CD8" TCRop™" (DP), CD4* CD8~
TCRof" (CD4) and CD4~ CD8" TCRaf™ (CD8)] were
obtained in a sorter FACSyantage SE (BD Immunocytom-
etry systems). Enrichment in thymic epithelial cell suspen-
sions was developed as previously described.’®> To remove
endogenous thymocytes, total thymic epithelial cell suspen-
sions were labelled with mAb anti-CD45 (BD Biosciences)
and then labelled with a biotinylated anti-rat immunoglob-
ulin G (IgG; Jackson Immunoresearch Laboratories, West
Grove, PA). The cells were then washed, labelled with avi-
din Dynabeads (Dynabeads, Dynal, Norway) according to
the manufacturer’s specifications and negatively selected.
Negative cell fractions were constituted by thymic epithelial
cells that, in all cases, contained >99% purity. Isolation of
RNA from thymus organ, thymocyte subsets and total thy-
mic epithelial cells was carried out with tri-reagent (Sigma-
Aldrich, St Louis, MO) according to the manufacturer’s
specifications. cDNA synthesis was developed with Super-
script IIT RT kit (Invitrogen) according to manufacturer’s
specifications. PCR primer sequences were obtained using
Primer3 software from EphB2, EphB3, ephrinB1, ephrinB2
and B-actin (control for cDNA quality) cDNA sequences
from GenBank databases. The following primers were used:
EphB2, forward 5'-CTGCCACCAGCGAAGTGC-3', reverse
5-GAGCTGGGCTGGATGGTA-3' (571bp); EphB3, for-
ward 5'-GCTTCTGCCGCTGCTCGCTCC-3', reverse 5'-
GAAGCCTGCAGTGGTGGATGC-3" (607 bp); ephrinBl,
forward 5-TGCTAGGGGATCCTGAAGTG-3/, reverse
5-TGCGGAGCTTGAGTAGTAGGA-3" (833bp) and eph-
rinB2, forward 5'-AGAACTGGGAGCGGCTTG-3’, reverse
5-GGTGTCTCCTGCGGTACTTG-3" (799 bp). As a
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control for cDNA quality we performed B-actin amplifica-
tion, forward: 5-AGAGATGGCCACGGCTGCTT-3,
reverse: 5'-TTTGCGGTGGACGATGGAG-3' (445 bp). The
PCR conditions were: EphB2 and B-actin, 94° for 3 min,
94° for 45 s, 60° for 45 s, 72° for 45 s for 40 cycles and then
72° for 10 min; EphB3, 94° for 3 min, 94° for 45 s, 55° for
45's, 72° for 45 s for 40 cycles and then 72° for 10 min;
ephrinB1 and ephrinB2, 94° for 3 min, 94° for 45 s, 57° for
45 s, 72° for 45 s for 40 cycles and then 72° for 10 min.
The amplification products were analyzed by 1-5% agarose
electrophoresis.

Immunofluorescence

Cryosections 6 pm thick from either wild type (WT) or
mutant mice were fixed in acetone for 10 min and air
dried. Slides were stained with either anti-EphB2, anti-
EphB3, anti-ephrinB2 (R&D Systems, Oxford, UK) and
anti-ephrinBl (Santa Cruz Biotechnology, Santa Cruz,
CA), anti-keratin5 (K5) (Covance), anti-keratin8 (K8,
Troma-1; Developmental Studies Hybridoma Bank). Pri-
mary antibodies were incubated for 1 hr at room temper-
ature and detected using anti-rabbit IgG-Alexa-fluor 488,
anti-rat IgG-aminomethylcoumarin (AMCA), and anti-
goat IgG-FITC (Molecular Probes, Invitrogen, Barcelona,
Spain). Secondary antibodies were incubated for 45 min
at room temperature and then sections were washed in
cold phosphate-buffered saline (PBS) three times for
5 min. Finally, sections were mounted in Antifade Pro-
long Gold (Molecular Probes, Invitrogen). Sections were
analysed using a Zeiss Axioplan microscope, photo-
graphed with a Spot 2 digital camera and analysed using
Metamorph software (MDS Inc., Toronto, Canada) at the
Microscopy and Cytometry Centre (Complutense Univer-
sity, Madrid, Spain).

Flow cytometry

Thymus cell suspensions were stained for 15 min in PBS
1% fetal calf serum (FCS) with specific mAbs against
either CD4-Tricolor, CD8afB-APC (Caltag Laboratories,
Invitrogen), TCRaB-FITC, TCRyd-PE, CD25—Per-
CpCy5.5, CD44-FITC, CD117 (c-Kit-PE) and lineage
cocktail (Lin: CD3g, CD11b, CD45R/B220, Ly-76, Ly-6G
and Ly-6C)-APC (BD Biosciences). DN subset analysis,
from a Lin subpopulation, was carried out as previously
described.”® Peripheral lymphocyte suspensions from
spleen, mesenteric lymph nodes and peripheral blood were
stained for 15 min in PBS 1% FCS with specific mAbs
against either CD4-PE, CD80—APC (Caltag Laboratories,
Invitrogen). After staining, cell suspensions were washed
and resuspended for analysis. Flow cytometric analysis
was performed using a FACSCalibur (BD Biosciences) and
CellQuest software at the Microscopy and Cytometry Cen-
tre (Complutense University, Madrid, Spain). Non-viable
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cells were excluded by forward and side scatter (FSC and
SSC). In each experimental condition data represent the
mean + SD of at least five independent animals. The sig-
nificance of the Student’s t-test probability is indicated as:
*P < 0-05; **P < 0-01 and ***P < 0-005.

Cell cycle and cell death analysis

For cell cycle analysis, after staining with the above-
mentioned specific mAbs, cells were fixed overnight in
Cellfix (BD Biosciences) and stained with Hoechst 33342
(Molecular Probes) in ethanol 30% in PBS 1% bovine
serum albumin for 30 min at room temperature. For cell
death analysis, thymocyte suspensions were stained with
the above indicated specific mAb and Annexin-V-FITC
(Roche Diagnostics, Basel, Switzerland) in HEPES buffer
1% FCS for 20 min at 4°. Cell suspensions were stained
with propidium iodide (PI) to discard complete cell death
from apoptotic cells. Apoptotic cells were defined as Ann-
exin-V'/PI". At least 20 000 cells/sample were analyzed
for cell cycle and cell death analysis in LSR and FACS-
Calibur (BD Immunocytometry Systems), respectively,
and CellQuest software at the Microscopy and Cytometry
Centre (Complutense University, Madrid, Spain). Non-
viable cells were excluded by FSC and SSC in all cases.

Results

EphB2- and EphB3-deficient mice were viable, fertile and
normal, although some EphB2 mutants sometimes showed
a cycling behaviour. On the contrary, EphB2/B3 double
mutants had low survival, confirming previous reports'*
and some surviving ones were infertile because of prob-
lems in the development of the urogenital system."®

EphB2, EphB3, ephrinB1 and ephrinB2 are expressed
in the thymus

Both EphB2 and EphB3 and their main ligands, ephrinB1
and ephrinB2, were expressed in total thymocytes as well
as in the different CD4/CD8 defined thymocyte subsets
from adult and fetal mice, as shown by RT-PCR analysis
(Fig. 1a). Also, the thymic epithelium expressed the two
EphB receptors and their ligands (Fig. la). For further
topological location of the four molecules, we carried out
an immunofluorescence study on thymus cryosections that
confirmed their expression on both thymocytes and thy-
mic epithelial cells (TEC) of thymic cortex and medulla
(Fig. 1b). The combination of specific reagents for detect-
ing either Eph/ephrinB or cortical (keratin 8" cells, K8)
and medullary epithelial cells (keratin 5" cells; K5) allowed
the expression of EphB2 and EphB3 to be determined in
both epithelial cells (Fig. 1b arrowhead) and thymocytes
(Fig. 1b arrow, keratin negative cells). Because specific
antibodies for both ephrinB1 and K5 have the same origin
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Figure 1. Expression of EphB receptors and ephrinB ligands in
mouse thymus. (a) Specific primer pairs were used to determine by
RT-PCR analysis the presence of EphB2, EphB3, ephrinBl and eph-
rinB2 in total thymus (T), total thymocytes (Thy) isolated thymocyte
subpopulations based on CD4, CD8, and TCRof expression. (DN:
CD4™ CD8 TCRaf; DP:  CD4' CD8' TCRaf"™;  CD4:
CD4" CD8™ TCRaf*; CD8: CD4~ CD8" TCRaf") and isolated
thymic epithelial cells (TEC). Samples were obtained from adult or
15.5 embryonic (E15.5) WT mice. B-actin served as positive control.
Corresponding band sizes are indicated on the right side of the fig-
ure. (b) Topological detection of Eph/ephrinB on thymus cryosec-
tions from adult and 15.5 embryonic (E15.5) WT mice. EphB2 (i),
EphB3 (ii), ephrinB1 (b1) (iii) and ephrinB2 (b2) (iv) are expressed
on both thymocytes (keratin negative cells; arrows) and epithelial
cells (arrowheads) of thymic cortex (K8* cells) and medulla (K5*
cells). Scale bar 10 pum.

and isotype, ephrinB1 expression in the medullary epithe-
lium was indirectly demonstrated as ephrinB1 positive cells
occurring in K8 negative medullary epithelial areas (Fig. 1b
iii). Moreover, in 15-5-day fetal thymus (E15-5), the four
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molecules were already expressed in both thymocytes and
epithelial cells (Fig. 1b, E15-5).

On the other hand, as shown by RT-PCR analysis,
EphB-deficient mice did not express the respective
knocked molecule but they did express the other Eph and
ephrin studied (Fig. 2a). In this respect, despite the pro-
found alterations found in the thymus cytoarchitecture of
EphB-deficient mice (J. Garcia-Ceca, E. Jiménez, D.
Alfaro, T. Cejalvo, J. J. Mufioz, A. Zapata, unpublished
data), ephrinB expression remained unaltered on both
thymocytes and thymic epithelial cells (Fig. 2b). The thy-
mic phenotype observed in the EphB-deficient mice must,
therefore, be accounted for by the absence of respective
receptors, EphB2 and/or EphB3, rather than to the altered
expression of other Eph and/or ephrin.

EphB-deficient mice present decreased cell numbers
and slightly altered proportions of thymocyte subsets

In all deficient mice studied, the thymic cellularity signifi-
cantly decreased compared to the numbers of thymic cells
found in the control, WT mice (Fig. 3). Nevertheless, the
EphB-deficient mice only showed slight variations in the
proportions of different thymocyte subsets, defined by
the expression of CD4/CD8 cell markers, in comparison
with the values found in the WT mice, largely consisting
of increased proportions of both DN cells and TCRYd
thymocytes (Table 1). In absolute terms, there was, how-
ever, a general decrease in the numbers of all thymocyte
compartments, the most important occurring in both DP
and SP thymocytes, whereas the absolute numbers of DN
cells and TCRyd thymocytes remained unchanged
(Table 2). These results demonstrate a low efficiency in
the TCRaf thymocyte production from the first stages of
T-cell maturation in EphB-deficient mice that results in a
slight accumulation of the percentage of DN thymocytes
and decreased numbers of both DP and SP thymocytes
without changes in the number of TCRYd cells.

In order to further analyse the variations found in the
EphB-deficient DN thymocytes, a heterogeneous cell pop-
ulation that contains cells belonging to different lymphoid
and non-lymphoid cell lineages, we evaluated the expres-
sion of c-Kit, CD44 and CD25 in the thymic lineage
negative (Lin~) cell subpopulation, as described in the
Material and methods section. The results demonstrated a
statistically significant decrease in the proportion of DN3
(c-Kit'® CD44~ CD25") cells in all deficient mice studied
(Table 3). On the contrary, the proportions of DNI
(c-Kit" CD44" CD257) cells increased with significant dif-
ferences to control values in EphB3- and EphB2/B3-defi-
cient mice but not in the EphB2 mutants. Moreover, the
percentage of DN4 (c-Kit™ CD44™ CD257) cells signifi-
cantly increased in the thymus of double mutant mice
(Table 3).

© 2008 Blackwell Publishing Ltd, Immunology, 125, 131-143
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Figure 2. Expression of Eph/ephrinB in the
thymus of EphB2 and/or EphB3-deficient mice.
(a) The presence of EphB2, EphB3, ephrinBl
and ephrinB2 was determined by RT-PCR in
thymus (T), total thymocytes (Thy) and thy-
mic epithelial cells (TEC) from EphB2 and/or
EphB3-deficient mice. All EphB-deficient mice
kept the expression of the other Eph/ephrinsB
analyzed. Corresponding band sizes are indi-
cated on the right side of the figure. (b) Topo-
logical detection of ephrinBl (bl) and
ephrinB2  (b2) in the thymic cortex
and medulla defined by the expression of K8
and K5 keratins respectively from EphB2
(EphB2™7), EphB3 (EphB3™'") and EphB2/B3
(EphB2/B3_/_) deficient mice. Arrowheads
label the ephrinB expression on thymic epithe-
lial cells from the cortex (K8 cells) or medulla
(K5" cells). EphrinB positive cells are marked

by arrows. Scale bar 20 um.

120 4 In absolute terms, although the thymic cellularity was
100 4 extremely reduced in the EphB-deficient mice, the num-
& —— bers of both DN1 and DN2 (c-Kit™ CD44" CD25") cells
1_:, 801 were similar to those of WT mice, but a significantly
é 60 - N lower number of thymocytes reached the next T-cell
2 40 = % stages, DN3, DN4 (Fig. 4), DP, etc. All these results,
3 therefore, suggest that the lack of EphB2 and/or EphB3 in
201 the mutant mice alters the efficiency of intrathymic T-cell

0 : . r differentiation from the DN2 cell compartment onward,

WT B2—/— B3—/— B2/B3~/—

resulting in a lower production of thymocytes in these

Figure 3. Analysis of the thymocyte number in EphB2 and/or EphB3
mutant mice. Thymic cellularity showed a statistically significant
decrease in EphB2 (B2™7), EphB3 (B3™'") and EphB2/B3 (B2/B3™")
deficient mice as compared with WT mice.

than in WT mice.

The number of peripheral T lymphocytes fluctuated in
the deficient mice. In all mutants, both peripheral blood
and mesenteric lymph nodes, but not spleen, the absolute

Table 1. Percentages of CD4/CD8 thymocyte

subsets and TCRyd cells in adult WT and DN DP CD4 CD8 TCRy3
EphB-deficient mice .
Wild type 513 + 1-39 7573 £ 2:62 15-88 + 0-82 3-26 £ 0-60 0-38 £ 0-02
EphBZﬁlf 8:54 + 1-40* 73-67 £ 3-41 1476 £ 2-16 3-03 £ 091 0-80 = 0-17*
EphB37/7 8-80 + 2-57* 73-14 + 4.77 14-62 + 2.73 344 + 2-51 0-81 + 0-12*
EphBZ/BS_/_ 8-41 £ 1.96* 72-96 + 3-08 15-10 + 1-49 3-53 £ 0-15 091 £ 0-18*

Showed data are means * standard deviations. *P < 0-05.

© 2008 Blackwell Publishing Ltd, /mmunology, 125, 131-143
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Table 2. Absolute numbers (x10°) of CD4/

DN DP CD4 CD8 TCRy CD8 thymocyte subsets and TCRyd cells in
. adult WT and EphB-deficient mice
Wild type 4-64 £ 126 68-46 + 2-37 14-36 + 0-75 295 £ 0-54 0-35 £ 0-01
EphBZ_/_ 344 + 0-56  29-69 + 1-37%%* 5:95 + 0-87*** 1.22 + 0-37** 0-32 £ 0-07
EphB37/7 3-31 £ 097 27-50 £ 1.79%%* 5:50 + 1-03** 1-29 + 0-94** 0-30 £+ 0-05
EphBZ/B3_/_ 3-09 £ 0-72  26-85 + 1-13*** 5-56 £ 0-55** 1.30 = 0-06** 0-33 £ 0-07
Showed data are means * standard deviations. **P < 0-01 and ***P < 0-005.
Table 3. Proportions of DN cell subsets
DN1 DN2 DN3 DN4 defined by CD44/CD25 expression in adult
. WT and EphB-deficient mice
Wild type 2:67 = 0-45 1-49 + 0-66 63-46 + 3-36 32:11 + 3-64
EphBZiF 3-38 + 1:55 1.57 £ 0-51 55-85 + 1-67* 32:47 + 7:20
EphB3_/_ 6-19 = 1.30%%* 1-.22 £ 0-59 56-20 + 3-43* 33-28 + 3-32
EphBZ/B.’fF 6-83 £ 2-04** 1-09 £+ 0-41 50-93 + 6-70* 37-06 + 5-95*

Showed data are means * standard deviations. *P < 0-05, **P < 0-01 and ***P < 0-005.
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Figure 4. Variations in the numbers of DN (CD4~ CD8") subsets é’ 20 [ .
defined by CD44/CD25 expression. Both DN3 (CD44~ CD25") and é
DN4 (CD44™ CD257) cell numbers significantly decreased in EphB2 2 10 =
(B27/7)-, EphB3 (B3™'")- and EphB2/B3 (B2/B3~'")-deficient mice. g l
T-cell number was significantly lower than in WT 0
(Fig. 5). Nevertheless, these numerical variations did not WT B2~ B3~  B2/B3"
result in statistically significant differences in the percent- 3.
age of peripheral CD4/CD8 defined T-cell subpopulations Blood
from EphB-deficient mice, compared with the control ‘g
values observed in WT mice (Table 4). < 2
8
€
. 2 «
Decreased thymocyte number observed in the EphB- 3 o N
deficient mice correlate with variations in the ——‘ .
roportions of both apoptotic and cycling thymic 0
prop pop cyching thym WT B2~ B3~  B2/B37"

cells

The three EphB-deficient mice studied showed statistically
significant increases in the total number of apoptotic cells
(Annexin V*) (Fig. 6a). All thymocyte subsets showed
increased numbers of apoptotic cells but only the DN
and DP cell compartments exhibited statistically signifi-
cant variations compared to control values.

On the other hand, the percentage of total cycling
thymic cells also showed reduced values compared to
controls, although statistically significant differences
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Figure 5. Variations in the T-cell number of peripheral lymphoid
organs of EphB-deficient mice. Statistically significant differences
occurred in the numbers of peripheral T lymphocytes of both peri-
pheral blood and mesenteric lymph nodes (LN), but not of the spleen
of EphB2 (B277)-, EphB3 (B3™)- and EphB2/B3 (B2/B3™/")-defi-
cient mice, as compared to control values observed in WT mice.

only occurred in the double EphB2/B3 defective mice.
However, a significant decrease was found in the propor-
tion of cycling DN thymocytes in the three defective mice

© 2008 Blackwell Publishing Ltd, Immunology, 125, 131-143



Table 4. Proportions of peripheral CD4/CD8 T lymphocyte subsets
in spleen, mesenteric lymph nodes and peripheral blood of adult WT
and EphB-deficient mice

DP CD4 CD8
(a) Spleen
Wild type 0-43 + 0-08 79-82 + 2-20 18-88 + 2.07
EphBZiF 0-61 =+ 0-11 78:15 + 3.91 20-49 + 3-02
EphBS_/_ 0-59 £ 0-12 79-01 + 3-85 19-47 + 3-38
EphBZ/B37/7 0-52 + 0-10 77-23 + 306 21-40 + 2.74
(b) Lymph nodes
Wild type 0-60 £ 0-07 79-44 + 2.37 19-15 + 2-39
EphB27/7 0-93 + 0-19 77-92 + 3-64 20-74 + 3-46
EphB3_/_ 0-66 + 0-17 79-11 + 3.01 1931 + 2-64
EphBZ/BS_/_ 0-69 + 0-21 79-26 + 3-28 19-67 + 2-85
(c) Peripheral blood
Wild type 0-21 + 0-06 79-:61 + 4-18 19-44 + 3.20
EphBZ_/_ 0-18 £ 0-04 80-11 *+ 4-76 1892 + 3-19
EphB?fF 0-23 + 0-09 79:70 = 4.05 1933 + 4-20
EphBZ/B3_/_ 0-17 = 0-05 78:47 + 3-89 20-71 + 3-53

Showed data are means + standard deviations.

analysed, whereas the DP and SP cell compartments were
not affected (Fig. 6b).

The alterations observed in the thymus of EphB-
deficient mice appear early in development

In order to further evaluate the origin of observed pheno-
type in the adult EphB-deficient thymuses we looked for
possible alterations in both cell content and T-cell matu-
ration of neonatal and fetal mutant mice. Remarkably,
thymic changes observed in adult deficient mice occurred
already in the neonatal and fetal animals.

At all evaluated stages (15-5 and 17-5-day fetal and
2 days postnatal), the deficient thymuses showed signifi-
cantly lower cellularity than the WT ones of the same ages
(Fig. 7a). We also found that the proportions of DN cells
were significantly higher in the EphB-deficient mice stud-
ied than in the control WT mice (Table 5). The other
T-cell subpopulations defined by CD4/CD8 cell marker
expression in general, underwent a statistically significant
reduction, largely in fetal (Table 5a, b) but not in post-
natal mice (Table 5¢). The proportions of TCRYd cells
decreased significantly in the E15-5 mutant thymus, to sig-
nificantly in both E17-5 and postnatal thymuses (Table 5).
At 15-5 days of fetal life the DN1 and DN2 subsets under-
went statistically significant increased percentages whereas
the relative proportions of DN3 cells significantly dimin-
ished in the three studied mutants (Table 6a). At
17-5 days of fetal life the proportions of DN3 cells
increased in EphB-deficient mice whereas those of DN4
thymocytes were reduced and no variations occurred in
the percentages of both DN1 and DN2 cells (Table 6b).
The situation was similar in postnatal mice although in
these animals the proportions of DNI cells increased sig-
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Figure 6. Changes in the proportions of apoptotic (a) and cycling
thymocytes (b) of mutant mice compared with control WT values.
(a) Annexin-V staining in combination with CD4/CD8 cell marker
expression was used to determine the percentage of apoptotic cells
within the different thymic subpopulations. Dead cells were excluded
by using propidium iodide (PI) staining. The percentage of apoptotic
cells (mean + SD) increased significantly in total thymocytes (total)
as well as in both DN and DP cells, but not in the SP cell sub-
populations of mutant mice. (b) Cell cycle in both WT and mutant
mice was analyzed by combination of Hoechst 33342 and CD4/CD8
cell marker expression. The percentage (mean + SD) of cells in
S+G,+M phases is represented. Note the decreased proportion of
cycling cells that occurs in the DN (CD4~ CD87) cell compartment
but not in the other thymocyte subsets of mutant thymuses.

nificantly in the three deficient mice studied (Table 6¢). In
absolute terms, the numbers of all thymocyte subsets,
including TCRyd cells, significantly decreased in the E15-5
mutant thymuses whereas in both E17-5 and 2 days post-
natal deficient thymuses the reduction only affected the
DN, DP, and SP CD4" CD8" cell compartments (Fig. 7b).
Within the DN cell compartment, the number of DN3
and DN4 cells decreased in the three analysed stages as
found above in the adult thymus (Fig. 7c). In the 2 days
postnatal EphB-deficient thymuses, the numbers of DN1
and DN2 cells also decreased (Fig. 7c).

In correlation with the lower number of thymic cells
observed in both fetal and neonatal thymuses of EphB-
deficient mice, increased percentages of apoptotic thymo-
cytes occurred as early as the 15-5-day fetal life (Fig. 8a).
At that developmental stage, most thymocytes were DN
cells that suffered increased apoptosis in the mutant mice.
At 175 days of fetal life and in 2 days postnatal mice,
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Figure 7. Variations in the numbers of total thymic cells and thymocyte subsets occur in neonatal and fetal mutant mice. (a) Both fetal (E15.5

and E17.5) and neonatal mice showed reduced numbers of total thymic cells as compared to WT mice of the same age. (b) In all analysed stages
(E15.5, E17.5, 2PN) the numbers of different thymocyte subsets defined by CD4/CD8 expression decreased in the mutant mice with significant
variations largely affecting DN, DP and SP CD4" CD8" cell compartments. (c) At any analysed stages, decreased numbers of DN3 and DN4 cells
occurred in the EphB-deficient thymus. In the 2 days postnatal mutant thymuses (2PN) the absolute numbers of both DN1 and DN2 cells were
also lower than those of control WT thymuses.

Table 5. Percentages of CD4/CD8 thymocyte subsets and TCRyd cells in 15-5-day fetal (E15-5), 17.5-day fetal (E17-5) and neonatal (2PN) WT

and EphB-deficient mice

DN DP CD4 CD8 TCRYd
(a) E155
Wild type 95-08 + 1-08 0-24 + 0-18 0-61 + 0-35 3-10 £ 1-09 2-:09 =+ 0-80
EphBZﬁl* 98-27 £ 1-80*** 0-07 £ 0-04*** 0-40 + 0-13* 0-91 £ 0-39%** 1-09 £ 0.77%%*
EphBSil* 98:63 + 0-79*** 0-03 + 0-03*** 0-61 + 0-29 0-54 + 0-41*%* 1-22 + 0-83**
EphBZ/BS_/_ 98-95 + 1-06*** 0-04 + 0-02%** 0-19 £ 0-13*** 0-18 £ 0-03*** 0-97 £ 0-52%**
(b) E17:5
Wild type 32-89 + 4.01 54-84 + 3-26 7-49 + 2.72 3.85 + 121 191 + 0-46
EphBZ_/_ 43-42 £ 291 49-62 + 3-36* 1-81 £ 0-68%** 4-33 + 0-92 3-00 + 1-16**
EphB37/7 41-85 £ 3-91** 4875 £ 1-19** 4-12 £ 0-25%%% 4.92 + 1-56 2-59 + 0-54*
EphBZ/B37/7 42-84 £ 2:35%** 50-32 + 2.44* 2-26 + 0-38%** 4-26 + 0-64 2:32 £ 0-15**
(¢) 2PN
Wild type 13-65 + 0-69 74-30 = 0-73 9:79 + 1-40 1-51 + 0-24 1.02 + 0-29
EphBZfl* 16-52 + 1.37** 71-14 + 3.25 10-09 + 2-61 1-56 + 0-38 2-81 + 0-82**
EphB?)_/_ 16-55 + 1-69* 72-99 + 2.54 8-13 + 0-65 1-49 + 0-25 2:49 £ 0-27%%*
EphBZ/BTF 17-17 £ 1-07%** 7191 + 2-87 8:90 + 1-03 1-58 + 0-30 2-51 £ 0-10**

Showed data are means * standard deviations. *P < 0.05, **P < 0.01 and ***P < 0.005.

increased apoptosis mainly affected DN cells but also DP
thymocytes (Fig. 8a), as observed in the adult deficient
thymuses. In addition, the percentage of total cycling cells
significantly decreased in the fetal, but not in the neonatal
thymuses of EphB-deficient mice (Fig. 8b). In the three

stages studied, the population most affected by this
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reduction of cycling cell number was the DN cell
compartment that even significantly decreased in the
postnatal mutant mice (Fig. 8b).

These results suggested, therefore, that the alterations
observed in the cellularity and T-cell maturation of adult
EphB-deficient mice originated early in the ontogeny of
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Table 6. Proportions of DN cell subsets,

defined by CD44/CD25 expression, in 15-5-day DN1 DN2 DN3 DN4
fetal (E15-5), 17-5-day fetal (E17-5) and neo-
natal (2PN) WT and EphB-deficient mice (a) BIS-5
Wild type 4.58 + 192 545 + 1-47 6125 £ 5-80 2825 + 4-33
EphBZﬁlf 7-34 + 2.33*%* 7-00 £ 1-05** 57-59 + 3.07* 27-45 + 4-38
EphBS_/_ 592 + 1-31* 6-85 + 1-59* 58-07 = 3-06* 28-97 + 3-00
EphBZ/B3_/_ 8:57 + 1-91%%* 8:90 & 2. 27%%* 53-39 + 5.94%*%* 28:67 + 2-80
(b) E17:5
Wild type 2-11 £ 0-63 4-44 + 1-42 62-57 + 7-34 30-39 + 5-54
EphBZ_/_ 2-15 £ 0-34 4.27 + 0-54 75-38 + 5-17%%* 17-38 + 5-90***
EphB37/7 2:76 + 0-60 494 + 0-98 71-90 + 4-38%* 20-01 £ 5.79%**
EphBZ/BS_/_ 1.99 + 0-71 4-39 £ 1-15 74-14 + 4-11%* 1897 £ 3-38**
(c) 2PN
Wild type 4-99 + 0-60 10-12 £ 1-12 58:79 + 0-64 25-62 + 1-40
EphBZ_/_ 9-84 + 1-63** 10-99 + 291 65-45 + 4.21** 10-78 £ 3-30**
EphB37/7 6-81 + 1-06* 9-48 + 2-00 69-89 + 4-46** 12:23 £ 4-00**
EphBZ/B37/7 7-82 + 1-81* 10-24 + 1-81 64-42 + 2.59** 15-32 + 4.47*
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Figure 8. Both fetal and neonatal EphB-deficient mice showed variations in the proportions of apoptotic cells and cycling thymocytes.
(a) Increased percentage of total apoptotic cells occurred in the fetal and neonatal thymuses of all analyzed stages. In both E17.5 and 2PN thy-
muses increased proportions of total apoptotic cells correlated with those largely observed in both DN and DP thymocytes. (b) Decreased total
cycling cells were also observed in EphB-deficient mice, and in general DN cells were the most affected thymic cell compartment.

thymus and gradually increase to result in the adult thy-
mus phenotype described.

Discussion

Eph and ephrin, molecules involved in numerous physio-
logical processes including histo- and organogenesis, cell
positioning and cell attraction/repulsion phenomena, etc.'
have been, however, little investigated in the immune sys-
tem. The present results confirm and extend previous
studies by us>>® and other authors''*%?>
involvement in thymus biology.

Our study shows a wide expression of EphB2 and
EphB3 as well as ephrinBl and ephrinB2 in the murine
thymus. By RT-PCR, the four molecules are detected in

suggesting their

© 2008 Blackwell Publishing Ltd, /mmunology, 125, 131-143

the main thymocyte subsets as well as in the TEC of
adult and fetal mice. Few studies have focused on the
expression of Eph/ephrinB family in the thymus and
these have largely centred on EphB6® and ephrinB.*!'
Previous reports had demonstrated that ephrinB2 was
largely present in the cortex where both DP and SP
cells in transition to the medulla and TEC predominate
and, to a lesser extent, in the cortico-medullary
border.**® By flow cytometry, Yu and colleagues have
detected both ephrinBl and ephrinB3 in all thymocyte
subsets, especially in SP CD4~ CD8" thymocytes and
DP cells.'""”” These same authors, by using both eph-
rinBl-Fc and ephrinB3-Fc fusion proteins, detected
EphB expression in all thymocytes except DN cells."
On the contrary, Shimoyama and collaborators® have
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reported interaction between ephrinB1-Fc and fetal DN
thymocytes.

By immunofluorescence, our topological study on the
distribution of these molecules throughout the thymus
demonstrates, confirming the RT-PCR results, that both
EphB2/B3 and ephrinB1/B2 are expressed through all thy-
mic compartments. In agreement, a broad expression pat-
tern for ephrinB2 has been described in the thymus.’
However, other authors, using in situ hybridization,
reported the expression of both ephrinBl'' and eph-
rinB2°° largely in the thymic cortex rather than in the
medulla. Moreover,” Cole and colleagues restricted eph-
rinB1 expression to the thymic subcapsular region. The
different sensitivity of the techniques used could explain
the different expression patterns reported. In any case, it
is important to remark that this reported expression
pattern for Eph/ephrinB family is different to that previ-
ously reported for the family A by us® and other authors,’
suggesting different functions for the two families A and
B in the thymus.

On the other hand, this homogeneous expression pat-
tern that affects thymocytes but also cortical and medul-
lary epithelial cells, could suggest that EphB2 and EphB3
play redundant functions in the thymus. However, our
results indicate that the absence of EphB2 is not made up
by EphB3 and vice versa. In this regard, our results also
demonstrate that the absence of EphB2 and/or EphB3
does not affect the expression pattern of their ligands,
ephrinBl and ephrinB2, as we had previously observed in
EphA4-deficient mice.® Accordingly, the observed thymic
phenotype of EphB-deficient mice is caused by the lack of
EphB2 and/or EphB3 rather than alterations in the pres-
ence of their ligands.

The existence of a thymus phenotype in EphB-deficient
mice confirms a role for Eph/ephrin family B in the func-
tions of this key primary lymphoid organ, extending
our own previous in vitro™ and in vivo studies® on the
relevance of Eph/ephrins family A in thymus functional-
ity. Other studies, however, were unable to find evidence
of this role for these molecules in the thymus gland. Nor-
mal cell content and unaltered thymic histology have
been described in the thymus of both EphB2° and EphB6
knockout (KO) mice, although in these last ones periph-
eral T-cells show compromised functions”® and EphB6
transgenic mice exhibit breakdown of the thymic cortico-
medullary border. Other authors have reported, however,
that ephrinBl, one of the main ligands of EphB2, is
critical for T-cell development.'®

On the other hand, the phenotype of these deficient
thymuses is really remarkable. Together with an impor-
tant decreased cell content that correlates well with
increased apoptosis and reduced numbers of cycling
cells, they exhibit significant accumulation of the per-
centage of DN cells and decreased numbers of all thy-
mocyte subsets defined by CD4/CD8 expression, largely
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DP and SP cells, but unchanged relative proportions of
both DP and SP thymocytes. In addition, although the
percentage of TCRyS cells increases, the absolute num-
bers of this thymic cell subset do not undergo signifi-
cant variations with respect to control values. On the
other hand, independently of the number of immigrant
precursors that arrive at the thymus, there are no dif-
ferences in the numbers of both DN1 and DN2 cells
between EphB-deficient and WT mice, but from the
DN2 stage onward the thymocyte number begins to
decrease. In these last stages of the DN compartment,
thymocytes synthesize a pre-TCR that undergoes the so-
called B-selection, necessary for expanding the thymo-
cyte number and reaching the DP compartment.”®
Accordingly, B-selection could be affected by the lack of
EphB2 and/or EphB3 resulting in a low production of
thymocytes capable of progressing to the DP compart-
ment. In this respect, our results also demonstrate that,
although all T-cell subsets show a reduced number of
cycling cells, only the DN cells exhibit statistically sig-
nificant differences compared with control values. Direct
relationships between Eph/ephrin and -selection have
not been described although we recently demonstrate
that Eph/ephrinB affects DP selection.” Furthermore,
She, an adaptor molecule involved in pre-TCR signal-
ling, is associated with Eph and ephrin in other cell
typ o5, 40:41

The decreased cellularity of EphB-deficient mice is also
related to an increased percentage of apoptotic cells,
mainly affecting both DN and DP cell compartments. In
this respect, the reduced numbers of SP thymocytes could
be related to the low number of DP cells available to
undergo the final intrathymic maturation and/or to
unknown defects in DP-SP transition. We recently
reported, by using reaggregated thymic organ cultures
established by fetal TEC and DP, that ephrinBl-Fc
proteins were able to disorganize in vitro the three-dimen-
sional epithelial network and to alter the thymocyte inter-
actions. In addition, in an in vitro model, Eph/ephrinB-Fc
treatment also decreased the formation of cell conjugates
formed by DP and TEC as well as the TCR-dependent
signalling between both cell types.” Increasing evidence
relates Eph/ephrin with the survival, proliferation and
death of numerous cell types, including thymocytes and
peripheral T lymphocytes. In vivo and in vitro treatment
with different Eph/ephrin stimulates the proliferation of
neural precursors*>™** whereas ephrinA2-deficient mice
show decreased proliferation of neural progenitors.** In
the immune system the results are controversial. Reduced
numbers of thymocytes have been described in EphB6
transgenic mice.” EphB6-deficient mice did not show,
however, changes in thymic cellularity® but did present
altered functionality of peripheral T cells.” On the con-
trary, we demonstrated that in vitro addition of different
EphA-Fc fusion proteins to rat FTOC results in decreased
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numbers of the yielded thymocytes, largely of DP cells®
and the supply of either EphB2-Fc or ephrinB1-Fc fusion
proteins to mouse FTOC decreases the numbers of both
DP and SP thymocytes, in correlation with increased
apoptosis.” Freywald and colleagues* demonstrated, how-
ever, that the stimulation of murine thymocytes with eph-
rinAl-Fc reduced TCR-mediated apoptosis. Previously,
this same group had reported that cross-linking of EphB6
with anti-ephrinB1 antibody protected CD3" thymocytes
from anti-CD3 antibody-induced apoptosis.’® Yu and col-
laborators'" have also described that ephrinB1-Fc costimu-
lation protects from anti-CD3 antibody-induced apoptosis
of thymocytes. These contradictory results could be, how-
ever, understood considering that recent data demonstrate
that the Eph/ephrinB-dependent modulation of anti-CD3
antibody-induced apoptosis of DP thymocytes is a process
dependent on concentration.’

Numbers of T lymphocytes diminish at the periphery,
largely in mesenteric lymph nodes and peripheral blood,
but not in spleen, with higher differences in the double
mutant lymph nodes than in EphB2 or EphB3 KO mice.
No significant differences were found in the proportions
of these cells defined by CD4/CD8 expression. Decreased
numbers of peripheral T cells without variations in the
proportions of their subsets could reflect lower numbers,
but no percentages, of SP thymocytes produced in the
EphB-deficient thymuses, as compared to control ones,
that migrate to the periphery colonizing the secondary
lymphoid organs. On the other hand, the different distri-
bution of T cells in lymph nodes, spleen and peripheral
blood would suggest an involvement of chemokines and
their receptors, which governs the specific migration
toward and between different lymphoid tissues, a process
in which EphB2, EphB3, ephrinBl and ephrinB2 have
been implicated.?*?*¢

One of the most remarkable features of the phenotype
of EphB-deficient thymuses is that, despite the profound
epithelial disorganization occurring,” there are no impor-
tant changes in the percentage of thymocyte subsets,
except for the accumulation of DN cells. On the contrary,
EphA4-deficient mice exhibit a collapse of thymic cortical
epithelium that provokes the blockade of T-cell differenti-
ation with a pronounced drop in the proportion of DP
thymocytes.® Nevertheless, in other experimental models,
thymuses that exhibit important alterations of the thymic
stroma do not show a relevant thymocyte phenotype. For
instance, adult mice that do not express signal transducer
and activator of transcription-3 in the TEC but do
express it in the thymocytes exhibit, like the EphB-defi-
cient mice, profound alterations in the thymic epithelial
meshwork and decreased numbers of thymocytes.*”
Altered thymic epithelium with increased numbers of K5
positive cells, as observed in EphB-deficient mice’ and
occurs in FGFR2IIIb-deficient mice allows T-cell differen-
tiation,*® and Krm1 KO mice, which exhibit similar mod-
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ifications of the thymic epithelium to those observed in
our mice, also show normal proportions of T-cell sub-
sets.*” Although we do not as yet have an answer for
these phenomena, it is possible, as previously pointed out
for other deficient mice,*®*® that the maintenance of
some unaltered epithelial areas in the deficient thymuses
is sufficient to support a relatively normal T-cell differen-
tiation.

Regarding the origin of the phenotype observed, our
results demonstrate that this is not an exclusive feature of
adult mutants. On the contrary, it already occurs in neo-
natal and 15-5-day fetal mice, suggesting that EphB2 and
EphB3 are important not only for the adult thymus but
also for its histogenesis. The adult phenotype could,
therefore, be a consequence of the gradual accumulation
of defects affecting, apart from the maturation of TEC
(J. Garcia-Ceca, E. Jiménez, D. Alfaro, T. Cejalvo, J. J.
Munoz, A. Zapata, unpublished data), the numbers of
DN cells capable of reaching the DP compartment, as well
as the numbers of immature thymocytes that undergo
apoptosis or division.
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