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Themultigenic structure of the MHC locus contributes to
positive selection efficiency: A role for MHC class II gene-
specific restriction

Miguel Caetano Monteiro, Sofia Couceiro and Carlos Penha-Gon�alves

Instituto Gulbenkian de CiÞncia, Oeiras, Portugal

The study of T cell positive selection in the thymus has long been focused on the
specificity of the MHC-TCR interactions, making use of genetically manipulated mice
that display TCR specificities or selecting peptides of limited diversity. However, little is
known on the role of the MHC molecules irrespective of the peptide specificity and the
implications of MHC multigenic structure in thymic positive selection have not been
addressed. Here, we investigated the effect of MHC class II genetic configuration on the
positive selection efficiency of naturally generated pre-selection repertoires in the
mouse thymus. Analysis of positively selected thymocyte populations in MHC-congenic
and -transgenic mice revealed that expression of I-E molecule in the thymic cortex
increases positive selection efficiency of CD4 cells by approximately 50%. We show that
increments in positive selection attributable to either the I-A and I-E genes are not due to
increased MHC class II expression in the thymic cortex and are not affected by the
number of MHC alleles. Collectively, our findings imply that MHC class II gene-
restricted TCR specificities significantly contribute to positive selection efficiency,
introducing the notion that multigenic structure of the MHC locus serves to increase
selection of non-overlapping TCR repertoires.

Introduction

The cellular and the molecular events involved in thymic
selection of developing T cells have been extensively
described. It is well established that mainstream T cell
development is critically dependent on binding the
T cell receptor (TCR) of immature T cells to peptide-
loaded major histocompatibility complex (MHC) mole-
cules expressed on different cell types harbored in the
thymus. Thus, TCR-MHC binding drives interactions
between CD4+CD8+ TCRab thymocytes and epithelial
cells in the thymic cortex, which in turn lead to the
delivery of a signal for survival and maturation, a
process known as positive selection [1]. Analysis of
different experimental mouse models led to the general

notion that the strength of TCR-MHC interactions
governs thymic selection. Thus, TCR ligands inducing
positive selection would have lower affinity/avidity than
ligands inducing negative selection or T cell activation in
the periphery [2–4].

In line with this rationale, much of the research on
thymocyte positive selection has been concerned with
the specificity of the interaction between TCR and MHC-
bound peptides during positive selection. Subsequently,
this led to a debate on the requirement of a diverse set of
positively selecting peptides for the generation of the
selected T cell repertoire diversity [5]. While single
MHC/peptide combinations were shown to select TCR
with different antigen specificities, the collected evi-
dence suggests that positive selection makes use of a
diverse set of peptides that has low occupancy on surface
MHC molecules but contributes significantly to the
diversity of the selected TCR repertoire [2, 6, 7].

Studies in transgenic systems have indicated that
variations in thymic density of MHC-restricting mole-
cules did not affect the ability to positively select high
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numbers of cells carrying high-affinity TCR [8–10]. In
contrast, a recent report shows that in a low-affinity
transgenic TCR system, efficiency of positive selection
decreases when the density of MHC class I-restricting
molecules is reduced [11]. Moreover, it was reported
that positive selection efficiency of a transgenic TCR is
limited by competition for the TCR ligand, represented
by the cognate MHC-peptide complex [12] . These lines
of evidence support the notion that selection efficiency
of a given TCR is a function of the probability of
maintaining enduring TCR-MHC interactions, which in
turn can be controlled by TCR ligand availability as well
as by TCR ligand affinity. In vivo microscopy has
revealed that the dynamics of thymocyte-cortical
epithelium interactions include both relatively short
and prolonged contacts. This would be expected if
selectable thymocytes scan the thymic epithelium for
positively selecting ligands until establishing stable
contacts [13].

The study of thymic positive selection efficiency has
relied in the analysis of genetically manipulated mice to
express limited TCR diversity [8, 14]. Nevertheless, in
non-transgenic systems positive selection acts upon
individual TCR that are supposed to occur at rather low
frequency while the TCR diversity of selectable cells is
expected to be very high. However, there is little
information on quantitative aspects of positive selection
in non-manipulated animals carrying a naturally
generated pre-selection repertoire. As pointed out by
von Boehmer et al. [1], most studies related to the role of
positively selecting ligands have been concerned with
the MHC-bound peptides rather than the MHC mole-
cules irrespective of the peptides. The MHC system
introduces TCR ligand diversity by contributing with
various genes of each MHC molecule class (multiple

genes) and with the numerous alleles of each gene
(polymorphism). For instance, the mouse MHC class II
molecules are represented by twomolecules, I-A and I-E,
which means diversity may go up to four different
class II b chain alleles in one individual. It is expected
that the MHC genetic diversity would play a role on TCR
repertoire composition, but the impact of the MHC
genetic configuration in the efficiency of positive
selection has not been studied.

We have previously reported that the size of the
thymic CD4+ compartment is controlled by the MHC
locus [15]. In this study, we analyzed the overall
efficiency of positive selection of CD4+ cells, with
naturally generated pre-selection repertoires. To address
this question we compared a set of mouse strains
expressing either I-E, I-A or I-E plus I-A molecules. It is
well described that certain TCR specificities are
restricted to particular MHC class II alleles but it is
not known what the contributions are of MHC class II
gene-restricted specificities to the composition of
selected TCR repertoires. Our results introduce the
notion that MHC class II gene number is a relevant
factor on the overall efficiency of thymic positive
selection.

Results

The size of thymic compartments is controlled by
the MHC genotype

We observed previously that the size of the CD4 single-
positive cell compartment was reduced in the thymus of
C57BL/6 mice as compared to BALB/c mice. Subse-
quently, a genetic mapping experiment showed that a

Table 1. Description of the mouse strainsa)

background strain MHC haplotype I-Ea thymic expression

B6.Cg/NTac-Foxn1nu C57BL/6 b absent

B6.tg Ead C57BL/6 b transgenic

B6.tg Ead. Ab–/–b) C57BL/6 b transgenic

C57BL/6 C57BL/6 b absent

B6.C-H2<bd> C57BL/6 bd endogenous

B6.C-H2<d>/bBy C57BL/6 d endogenous

C.B10-H2<b>/LilMcd BALB/c b absent

C.B10-H2<bd> BALB/c bd endogenous

BALB/c BALB/c d endogenous

a) For the described characteristics, the B6.Rag2–/–, B6.Rag2–/–.C-H2<bd> and B6.Rag2–/–.C-H2<d> mice match the C57BL/6, B6.C-
H2<bd> and B6.C-H2<d>/bBy mice, respectively.

b) The B6.tg Ead. Ab–/– strain results from the introduction of the Ab null mutation into the B6.tg Ead strain and expresses the I-E
molecule but not the I-A molecule of the MHC class II.
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region on mouse chromosome 17 encompassing the
MHC locus controls the frequency of CD4+CD8+

double-positive (DP) and CD4 single-positive cells in
the thymus [15]. In the present study, we started by
using MHC-congenic mouse strains to confirm that the
MHC haplotype determines variations in the relative size
of bothmature and immature thymocyte compartments.

The B6.C-H2<d> congenic strain carries the MHCd

haplotype on the C57BL/6 genetic background while the
C.B10-H2<b> congenic strain carries the MHCb haplo-
type on the BALB/c genetic background (Table 1). The
analysis of these mouse strains showed that size
variation in the DP and CD4 mature cell compartments
is attributable to the MHC region irrespectively of the
genetic background (Fig. 1). In fact, mice that carry the

MHCb genotype (C57BL/6 and C.B10-H2<b> strains)
show higher frequency of DP and lower frequency of
CD4 cells as compared to mice that share the same
genetic background and are homozygous for MHCd

(B6.C-H2<d> and BALB/c strains, respectively). Thy-
mic compartments in MHCd homozygous and MHCb/d

heterozygous mice were undistinguishable, implying
that MHCb genetic effect on the size of thymocyte
subpopulations has a recessive behavior (Fig. 1). The
observed differences in the relative sizes of DP and CD4
compartments suggest that the MHCb haplotype has
lower efficiency in positively selecting immature DP cells
into the CD4 mature compartment. In contrast, the size
variation of the CD8 single-positive population in
different genetic backgrounds and MHC genotypes did
not exceed 2% of the thymocytes (data not shown).

The MHC genotype controls the efficiency of
thymic positive selection

Next, we analyzed the amount of positively selected cells
within the DP compartment across different MHC
genotype configurations. To this end we made use of
a set of cell surface molecules known to be up-regulated
in positively selected but still immature thymocytes,
namely CD69, TCRab and CD53 [16, 17]. Within the
same genetic background the mice carrying the MHCd

haplotype had a higher percentage of DP cell up-
regulating positive selection markers while showing
lower frequency of DP cells with no signs of positive
selection (Fig. 2). Conversely, mice homozygous for the
MHCb haplotype in the genetic background of both
C57BL/6 and BALB/c mouse strains showed a lower
proportion of positively selected cells within the DP
compartment, again indicating that MHCb had a quasi-
recessive behavior. The results show that the effect of the
MHC haplotype previously observed at the level of the
CD4 compartment size is imposed in the transition
between non-selected DP thymocyte stage and positively
selected stage within the immature DP compartment.
This analysis of MHC-congenic strains reveals that the
MHC genotype has a measurable effect on the efficiency
of positive selection, a process that is predominantly
mediated by the cortical thymic epithelium.

Efficiency of positive selection is governed by
thymic epithelial MHC genotype

To test whether the MHC genotype of the thymic
epithelium can control the efficiency of positive
selection, we generated a set of bone marrow chimeras
that received thymocyte precursors of the MHCb

haplotype but expressed different MHC genotypes in
the thymic epithelia. Thus, mature T cell-deprived bone
marrow from C57BL/6 nude mice was transferred into

Figure 1. TheMHC genotype controls the size of immature and
mature populations in the thymus. Relative sizes of immature
DP and both mature CD4 and CD8 compartments were
measured in female mice carrying the MHCb haplotype (black
bars), the MHCd haplotype (white bars) and the MHCb/d

heterozygous haplotype (gray bars). Analyzed mice carried
either the BALB/c or the C57BL/6 genetic background.Micewith
the BALB/c genetic background (upper panel) included C.B10-
H2<b> (n=10; black bars), BALB/c (n=6; white bars) and
F1(BALB/c � C.B10-H2<b>) mice (n=10; gray bars). Mice with
the C57BL/6 genetic background (lower panel) included C57BL/
6 (n=10; black bars), B6.C-H2<d> (n=9; white bars) and
F1(C57BL/6 � B6.C-H2<d>) mice (n=10; gray bars). Error bars
represent standard deviation for each mouse group. Thymo-
cyte subpopulations are expressed as percent of total thymo-
cytes and were identified by flow cytometry using anti-mouse
CD4, CD8 and TCRb antibodies.
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��irradiated lymphocyte deprived RAG-deficient mice
carrying different MHC haplotypic configurations on
the C57BL/6 genetic background (MHCb, MHCd and
MHCb/d). The size of DP and CD4 populations in the
bone marrow chimeras showed to be dependent on the
recipient MHC genotype following the trend observed of
MHC genetic control in non-chimeric mice (Fig. 3).
Moreover, we observed that DP subpopulations carrying
positive selection markers had lower frequency in
recipient mice that express the MHCb haplotype
(Fig. 4). These results clearly show that the observed
differences in thymic subpopulation size can not be
explained by hematopoietic thymic components. Most
likely, the control of the positive selection efficiency of
CD4 single-positive cells by theMHC genotype is exerted
through the expression of MHC class II molecules on
thymic epithelial cells.

MHC class II surface expression in the thymus is
not influenced by the MHC haplotype

It is well known that the MHCb haplotype lacks the
expression of the MHC class II I-E molecule, while the
MHCd haplotype expresses both the I-E and the I-A MHC
class II molecules. Two possibilities can be envisaged

Figure 2. The MHC genotype controls the frequency of positively selected cells within the DP compartment. The relative sizes of
thymocyte subpopulationswithin the immature DP compartment weremeasured in themice represented in Fig. 1. Mouse groups
are represented as in Fig. 1 and error bars represent the standard deviation. Thymocyte subpopulations are expressed as percent of
the DP population and were identified by flow cytometry using anti-mouse CD4, CD8, CD69 and either CD53 or TCRb antibodies.

Figure 3.The size of immature andmature populations in bone
marrow chimeras is controlled by the recipient MHC genotype.
Relative sizes of immature DP and both mature CD4 and CD8
compartments were measured in chimeric bone marrow
recipient mice that received bone marrow cells from T cell-
deprived nude mice. The recipient mice comprised B6.Rag2–/–

(n=7; black bars), B6.Rag2–/–.C-H2<bd> (n=6; gray bars) and
B6.Rag2–/–.C-H2<d> mice (n=3; white bars). Error bars repre-
sent standard deviation for each mouse group. Thymocyte
subpopulations are expressed as percent of total thymocytes
and were identified by flow cytometry using anti-mouse CD4,
CD8 and TCRb antibodies.
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through which increased positive selection would be
achieved in mice expressing the I-E molecule in the
thymus epithelium. On one hand, the presence of I-E
molecule in the thymus cortex could enrich the diversity
of MHC-peptide selecting combinations. On the other
hand, the expression of I-E could increase the density of
MHC class II molecules at the surface of the cortical
cells, which in turn would increase the opportunities of
successful interactions with selectable CD4+CD8+

TCRab thymocytes.
To test whether the expression level of MHC class II

molecules was lower in mice with MHCb haplotype as
compared to mice carrying MHCd haplotype, we
quantified MHC class II surface expression in the cortex
epithelium. Thus, thymic sections from C57BL/6,
B6.C<H2d> and BALB/c mice were immunostained
with anti-MHC class II antibodies and fluorescence
intensity was recorded and compared (Fig. 5A).
Although the patterns of cortical fluorescence were
somewhat different, the results show that no significant
difference was apparent in the amount of MHC class II
molecules expressed in the three strains analyzed
(Fig. 5B). These results indicate that the observed
differences in positive selection can not be attributed to
quantitative differences in cortical expression of MHC
class II molecules. Therefore, we hypothesize that the
increase in efficiency of positive selection observed
when the I-E molecule is expressed could result from the
higher diversity of MHC-peptide present on cortical
thymic epithelium.

Figure 4.The frequency of positively selected cellswithin theDP compartment is controlled by the recipientMHCgenotype in bone
marrow chimeras. The relative sizes of thymocyte subpopulations within the immature DP compartment were measured in the
mice represented in Fig. 3. Flow cytometry was performed using anti-mouse CD4, CD8, CD69 and either CD53 or TCRab antibodies.
The error bars represent standard deviation for eachmouse group.

Figure 5. Surface density of cortex MHC class II molecules is
not dependent on the MHC genotype. MHC class II expression
was measured by immunostaining of thymic sections with a
pan-MHC class II antibody. (A) Values of cortex fluorescence
intensity expressed as the ratio between cortex and medulla
fluorescence calculated for individual mice as described in the
Material andmethods section. (B) Averagevalues for the groups
of mice represented in (A). Black bars represent C57BL/6 (n=3),
gray bars B6.C-H2<d>/bBy (n=5), and white bars BALB/c mice
(n=5).
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Multiple MHC class II genes increase efficiency of
CD4 cell positive selection

Next, we investigated whether the number of MHC
class II genes expressed in the thymus could explain the
observed difference in positive selection efficiency.
Thus, we compared thymocyte populations from
C57BL/6, B6.tg Ead Ab–/– and B6.tg Ead mice expres-
sing I-A, I-E and I-A plus I-E molecules on thymic
epithelia, respectively [18, 19]. This analysis showed
that the sole expression of the I-E molecule in the thymic
cortex of an otherwise C57BL/6 mouse strain restores
the efficiency of positive selection (compare Fig. 1
and 6). In fact, B6.tg Ead mice have higher levels of CD4
single-positive cells as well as a higher percentage of DP
cells expressing positive selection markers than the

C57BL/6 strain (Fig. 6, 7). These results show that the
lack of expression of I-E in the thymic cortex of C57BL/6
mice is responsible for the observed decrease in positive
selection efficiency of CD4 single-positive cells.

The comparison of mice expressing only the I-A
molecule with mice bearing both I-A and I-E molecules
reveals that a sizable fraction of positively selected
populations is attributable to selection by I-E (Fig. 7). At
a lesser extent the same effect is observed in relation to
the positively selected population attributable to the I-A
molecule. In fact, the size of the positively selected
populations in mice expressing either I-A or I-E is
significantly smaller as compared to mice expressing
both molecules in the thymic cortex, indicating that the
number of expressed MHC class II genes controls the
efficiency of positive selection. These results strongly
suggest that the positively selected populations in mice
bearing either I-A or I-E restriction elements do not
contain a sizable fraction of TCR specificities that are
represented in the selected repertoires of mice expres-
sing both restriction elements.

Overall, when comparing mice with C57BL/6 back-
ground either or not expressing the MHC class II I-E
molecule in different genetic models (congenics, bone
marrow chimeras and transgenics), we noted an
increase of about 50% in the size of the different DP
populations expressing positive selection markers
(Fig. 2, 4, 7). This implies that when the thymus
simultaneously expresses I-A and I-E molecules, about
30% of the positively selected cells represent TCR
specificities that exclusively recognize the I-E molecule.
On the other hand, when the I-A molecule is introduced
in mice transgenically expressing the I-E molecule, an
increment in positive selection efficiency was obtained
that ascribes 20% of the selected cells exclusively to the
I-A molecule (Fig. 7). Together, the experiments
reported here reveal the significance of the relative
weight of gene-specific MHC class II restriction in the

Figure 6. Multiple MHC class II gene expression in the thymic
cortex controls the size of immature and mature thymocyte
populations. Relative sizes of immature DP and both mature
CD4 and CD8 compartmentswere compared between 6-wk-old
C57BL/6 mice (n=5, black bars), transgenic C57BL/6 mice which
express MHC class II I-Ead molecule in the thymus cortex
(B6.tg Ead, n=4; white bars) and B6.tgEad.Ab–/– mice (n=6; gray
bars) that only expresses the I-E molecule. Error bars represent
standard deviation for each mouse group. Thymocyte sub-
populations are expressed as percent of total thymocytes and
were identified by flow cytometry using anti-mouse CD4, CD8
and TCRb antibodies.

Figure 7.Multiple MHC class II gene expression in the thymic cortex controls the frequency of positively selected cells within the
DP compartment. The relative sizes of thymocyte subpopulations within the immature DP compartment were measured in the
mice represented in Fig. 5. Flow cytometry was performed using combinations of anti-mouse CD4 and CD8 with TCR, CD69 and
CD53 antibodies. The error bars represent standard deviation for each mouse group.
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bulk thymic positive selection and bring attention to the
contribution of MHC locus multigenic structure in
increasing TCR repertoire diversity.

Discussion

Evaluation of the role of MHC molecules in the
efficiency of positive selection has relied on the analysis
of thymic selection in TCR transgenic models with
defined specificities. In this study, we analyzed the role
of MHC class II multiple genes in positive selection of
thymocytes from naturally occurring pre-selection TCR
repertoires. In different experimental settings, the
results show that expression of MHC class II I-E
molecule in the thymus is associated with higher
efficiency of positive selection into the mature CD4
compartment as measured by the size of thymocyte
subpopulations showing signs of positive selection.

However, the expression of the I-E molecule did not
appear to reduce the efficiency of positive selection of
CD8mature T cells (data not shown). This observation is
in line with other studies indicating that changing the
efficiency of positive selection does not imply deviations
in CD4/CD8 lineage commitment [20]. Moreover, we
show that the differences in positive selection observed
betweenmice carrying H2b andH2d haplotypes were not
paralleled by quantitative differences in surface expres-
sion of MHC class II molecules on the thymic epithe-
lium. In contrast with observations from some trans-
genic systems [11], these results suggest that the positive
selection efficiency in non-manipulated mice may be
controlled by mechanisms other than surface MHC
class II density.

In fact, immunohistochemistry measurements of
mice with different MHC class II genotypes showed
that the density of MHC class II molecules on the thymic
cortex was rather invariant. This indicates that the
mechanisms that control the expression level of MHC
class II molecules in the thymic cortex are not
dependent on the MHC class II genotype and would
not be accountable for the observed variation in positive
selection efficiency. The experimental systems we
analyzed are suggestive that MHC class II genetic
configuration plays a role in positive selection efficiency,
but we do not exclude that our results could also be
influenced by other genes within the MHC haplotypes of
the congenic strains or by MHC class II expression
artefacts in transgenic strains.

Certain TCR specificities like 2B4 [21] and 5C.C7
[22] have proven to be selected only when the I-E
molecule is expressed, but the relative abundance of
such I-E molecule-restricted TCR reactivity among the
selectable cells is unknown. Our results implicate the
number of MHC class II functional loci in efficiency of

thymic positive selection and raise the hypothesis that
the repertoires of TCR specificities exclusively selected
by either MHC class II I-A or I-E molecules represent a
considerable fraction of the positively selected popula-
tion. The presence of the I-E molecule accounts for
around 50% increase in positive selection efficiency
attributable to cells that would carry TCR specificities
not selected by the I-A molecule. Conversely, the I-A
molecule appears to increase the selected populations by
20% as compared to the efficiency of the I-E molecule
alone.

This hypothesis may entail consequences in regard to
current views on the role of MHC-TCR affinity/avidity in
repertoire selection [23–25]. Particularly, it would imply
that the range of affinities within the positive selection
window of one MHC class II gene would be narrow, as it
would not target a set of TCR specificities selectable by
the other MHC class II gene. This could be seen as a
mechanism to warrant that the mature TCR repertoires
selected by these two molecules contain a sizable
proportion of non-redundant TCR specificities. In such
case, the MHC locus multigenic structure could serve to
increase TCR repertoire diversity by allowing the
selection of a large number of MHC gene-restricted
TCR specificities that conceivably could play different
functional roles.

In this regard, it is interesting to note that mutations
abrogating E molecule expression are relatively fre-
quent both in wild-derived and inbred mouse strains
[26], while A molecule null mutants have not been
found, suggesting that E molecule expression is not
under high selective pressure. Nevertheless, absence of
E molecule expression has been correlated with MHC
haplotypes that confer susceptibility to autoimmune
diseases [27, 28]. The role of E molecule absence in
pathogenesis of autoimmunity has been addressed in
complementation experiments with E molecule trans-
genes [29, 30], but evidence that endogenous
E molecule expression protects from autoimnunity has
not yet been provided.

On the other hand, it is well known that MHC locus
polymorphism contributes to the diversity of the
selected TCR repertoire. However, MHCb/d F1 mice
expressing two different alleles of the I-A molecule did
not show a measurable increase in positive selection
efficiency as compared to MHCd homozygous mice. We
speculate that the increase in repertoire diversity
generated by one allele of the I-A molecule may occur
at the expenses of the efficiency of the other allele.

Alternative models of thymic selection have been
proposed that are based on dual recognition of TCR-
MHC binding. According to suchmodels the TCR contact
with MHC is functionally distinct from the contact with
the peptide as opposed to the current models of context
recognition of the MHC plus peptide. Our observations
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implying that different MHC class II genes may select an
exclusive repertoire of TCR specificities, are compatible
with the hypothesis entailed by some dual recognition
models [31, 32] claiming that MHC class II molecules
encode invariant restricting elements for TCR binding.
In this frame, our results would suggest that invariant
restricting elements are gene-specific (but allelic
invariant), which may imply gene-specific constraints
and requirements for TCR recognition.

Independently of the molecular mechanisms that
may be underlying selection of gene-specific TCR
specificities, if increased efficiency of positive selection
would imply acquisition of MHC gene-related functions
by the TCR repertoire, then the presence of multiple
genes in each MHC class would confer an evolutionary
advantage. In this context, it is striking that the
multigenic structure of MHC class II genes is maintained
to code for two to three molecules per individual across
phylogeny from fish to man [33], which could represent
an equilibrium between maintaining a coherent self-
recognizable immune system and extending the TCR
repertoire functions.

Materials and methods

Mice

Mice were bred and maintained in conventional housing
facilities at the Instituto Gulbenkian de CiÞncia and Table 1
shows the list of the different mouse strains analyzed in this
study. All mice analyzed in this study were females. B6.C-
H2<d>/bBy is a congenic strain carrying the MHCd haplotype
in the C57BL/6 genetic background (the congenic interval is
comprised between marker D17MIT198 and D17MIT152).
C.B10-H2<b>/LilMcd is a congenic strain carrying the MHCb

haplotype in the BALB/c genetic background (the congenic
interval is comprised between marker D17MIT80 and
D17MIT232). Both strains were purchased from the Jackson
Laboratory (Bar Harbor, ME). The F1 progeny of C57BL/6 and
B6.C-H2<d>/bBymice was designated B6.C-H2<bd> and the
F1 progeny of BALB/c and C.B10-H2<b>/LilMcd mice was
named C.B10-H2<bd>.

Lymphocyte-deficient mice carrying the H2d haplotype in
homozygous state were obtained by crossing the B6.Rag2–/–

mouse strain (originally from CDTA, Orl�ans, France) with the
B6.C-H2<d>/bBy strain. The resulting mice have been named
B6.Rag2–/–.C-H2<d>. The F1 progeny originated from cross-
ing these mice with B6.Rag2–/– mice was named B6.Rag2–/–.C-
H2<bd>.

Transgenic mice expressing MHC class II Ead in the thymic
epithelia and mice that in addition to the Ead transgene carry a
MHC class II Abb knockout mutation have been described
previously [18, 19, 34] and were a kind gift from Dr. Antonio
Bandeira at the Institut Pasteur (Paris, France). These strains
are here referred to as B6.tg Ead and B6.tg Ead. Ab–/–,
respectively. The B6.tg Ead. Ab–/– strain was obtained from
backcrossing the Ab–/– mutation into the C57BL/6 genetic

background for eight generations [35] followed by crossing the
Ead transgene. The MHC locus of this strain was extensively
genotyped as haplotype b from marker D17MIT62 to
D17MIT232. The B6.tg Ead mice used in this study were
obtained by further backcrossing into the C57BL/6 genetic
background for three generations. Nude mice were originally
purchased as the B6.Cg/Ntac-Foxn1nu strain from Jackson
Laboratory and were bred in our animal facilities. All
procedures were in accordance with national regulations on
animal experimentation and welfare.

Flow cytometry

Five-week-old female mice were sacrificed, their thymii
collected and single-cell suspensions were prepared by gently
squeezing the organs through a nylon mesh. Cell surface four-
color staining was performed using the following monoclonal
antibody (mAb) combinations: anti-CD53 (OX-80; Serotec,
Kidlington, UK) plus FITC-coupled anti-rat IgM (MARM-4,
Serotec) or FITC-coupled anti-TCRb (H57-597), PE-coupled
anti-CD69 (H1.2F3; Becton Dickinson), biotin coupled anti-
CD4 (L3T4/RM4-5; BD Pharmingen, San Diego, CA) plus
PerCP-coupled streptavidin (BD Pharmingen), allophycocya-
nin-coupled anti-CD8a (YTS169.4). Sample acquisition was
performed using a FACSCaliburTM (BD Pharmingen) and
analysisusedtheFlowJosoftware(TreeStar, Inc.,Ashland,OR).

Bone marrow cell transfers

Donor bonemarrow cells were harvested from flushedmarrow
cavities from femurs and tibiae of nude mice. Recipient mice at
7 wk of age were lethally irradiated with 7.5 Gy using a 137Cs
source and then intravenously injected with approximately
4.1 million bone marrow donor cells. Recipients comprised
three different genotype groups: B6.Rag2–/–, B6.Rag2–/–.C-
H2<bd> and B6.Rag2–/–.C-H2<d>. Fifteen weeks after
transfer peripheral blood staining for CD4 and CD8 was
performed to confirm T cell compartment reconstitution after
which the mice were killed and thymocytes analyzed by flow
cytometry.

Immunohistochemistry

Five- to six-week-old female mice were sacrificed and their
thymii were collected, immersed in Tissue TekJ O.C.T.TM

Compound (Sakura Finetek, Zoeterwoude, The Netherlands)
and stored at –20�C. For each frozen thymus two to three 8-lm
sections were obtained and processed for immunostaining.
Sections were immersed in cold acetone for 10 min and stored
at –20�C. For staining, the sections were coveredwith PBSwith
3% FCS for 45 min and were incubated with biotinylated anti-
mouse MHC class II mAb (clone M5/114) for 45 min. This was
followed by incubation with avidin-rhodamine for 30 min in
dark closed moist atmosphere chamber. Glass slides were
mounted in Fluoromount-G (Southern Biotechnology Associ-
ates, Inc., Birmingham, AL) with cover slides. Sections were
analyzed with a Leica DMRA2 microscope equipped with a
cooled CCD camera. Photographs of both cortex and medulla
were taken as 12-bit images using 20� magnification.
Fluorescence intensity was measured using ImageJ software.
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Individual fluorescence measurements were taken by
manually selecting defined cortex and medulla areas. For flat
field correction the detection system was calibrated with a
fluorescent slide. For each slide the level of minimum
fluorescence (background) was determined in areas with no
tissue and subtracted tomean fluorescence software calculated
values. In the cortex of C57BL/6, B6.C-H2<d>/bBy and BALB/
c mice a total of 7, 11 and 12 fields were observed and 11,
22 and 24 areas for fluorescencemeasurements were selected,
respectively. Likewise, 6, 13 and 12 fields were observed and
11, 22 and 24 fluorescence measurements were taken for the
medulla. Mean fluorescence intensities are reported as
normalized cortex/medulla ratios that were calculated in
each mouse by taking the average of the mean fluorescence
intensity of the measured cortex fields over the average of the
mean fluorescence intensity of the measured medulla fields.
Cortex/medulla ratios in each strain represent the average of
the ratios of individual animals.
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