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Abstract
Positive selection is a critical T cell developmental checkpoint that is driven by TCR signals.
Enhanced positive selection toward the CD4 lineage occurs in the absence of Ikaros. One explanation
for this phenotype is that Ikaros establishes the TCR signaling threshold that must be overcome for
positive selection to occur. In the current study, this possibility is explored through the use of
CD3ζ ITAM transgenic mice that express a CD3 ζ-chain with zero, one, or three ITAMs and an MHC
class II (DO11.10)- or MHC class I (H-Y)-restricted TCR transgene. Using this system, we
demonstrate that in the absence of Ikaros, thymocytes are able to mature into the CD4 lineage with
reduced TCR signaling potential compared with that required to drive the maturation of wild-type
thymocytes. We also demonstrate that maturation into the CD8 lineage is enhanced under conditions
of reduced TCR signaling potential in the absence of Ikaros.

Positive selection is a TCR-driven event during T cell development. It ensures that only T cells
that can recognize a peptide in the context of self-MHC (pMHC) are permitted to develop.
Double positive (DP)5 thymocytes expressing TCRs that are unable to interact with self-pMHC
undergo apoptosis. However, if TCR recognizes self-pMHC, survival and differentiation
signals are delivered (1). Based on whether the DP thymocyte interacts with MHC class I or
II, it differentiates into a CD8 or CD4 single positive (SP) T cell, respectively (2).

Signaling capacity of the TCR is provided by the four CD3 proteins, largely through their
ITAMs. Upon TCR engagement, ITAMs become phosphorylated, which permits their
association with other signaling components such as ZAP-70. CD3δ, γ, and ε each have one
ITAM, whereas CD3ζ contains three ITAMs. The TCR is comprised of two ζ, two ε, one δ,
and one γ CD3 protein, resulting in a total of 10 ITAMs.
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A role for CD3ζ in T cell development was revealed through analyses of CD3ζ knockout
(CD3ζ–/–) mice (3). In the absence of CD3ζ, very few mature SP thymocytes or peripheral T
cells are observed, indicating that CD3ζ is required for efficient positive selection. To examine
the role of the ITAMs, deletions were engineered in the CD3ζ-chain to create proteins
containing zero (ζ0), one (ζ1), or three (ζ3) ITAMs, which were then used to reconstitute ζ
expression in CD3ζ–/– mice (4). Mice expressing ζ0 had a block at the DP stage of development
on a TCR transgenic (Tg) background (4,5). As the number of ITAMs increased, the amount
of positive selection also increased.

Analyses of Ikaros (IK) null (IK–/–) mice support a role for IK in the establishment of thresholds
of activation that must be overcome for positive selection to occur. Peripheral T cells in
IK–/– mice proliferate in response to levels of TCR signal that are insufficient to drive
proliferation of wild-type T cells, suggesting that the lack of IK lowers T cell activation
thresholds in mature T cells (6,7). Thymocytes also have established TCR signaling thresholds.
However, when they are overcome, survival and differentiation are the results. IK–/–

thymocytes display altered differentiation profiles, which suggests that they also have lowered
TCR signaling thresholds. IK–/– thymocytes differentiate preferentially toward the CD4
lineage, a lineage that has been postulated to be the consequence of stronger TCR signals
delivered during positive selection (7–9).

To determine whether these phenotypes are the result of a role for IK in establishing TCR
signaling thresholds during positive selection, we used the CD3ζ ITAM Tg mouse model
system (3,4). Using this system, the efficiency of positive selection in the context of
progressively decreasing TCR signaling capacity can be compared in the thymuses of IK–/–

and wild-type mice.

The CD3ζ ITAM Tg were studied in conjunction with the DO11.10 MHC class II-restricted
or H-Y MHC class I-restricted TCR Tg, which exclusively drive development of CD4 or CD8
SP T cells, respectively (10,11). Use of the TCR Tg models are required because, on a
polyclonal background, expression of the ζ0Tg in CD3ζ–/– mice almost completely restores
CD4/CD8 thymic profiles (4). This is likely the result of the polyclonal repertoire obscuring
the effect of decreasing TCR signaling efficiency on positive selection. However, on the
DO11.10 and H-Y TCR Tg backgrounds, there is a progressive increase in the percentage of
mature SP T cells with increasing numbers of CD3ζ ITAMs (5,12).

In this report, we demonstrate that in IK–/– thymocytes positive selection into the CD4 lineage
in mice expressing the DO11.10 TCR Tg occurs with fewer ζ ITAMs than those required for
positive selection of IK+/+ thymocytes. However, in mice expressing the H-Y TCR Tg, lack
of IK cannot drive selection into the CD8 lineage with fewer ζ ITAMs. Nevertheless, the
efficiency of positive selection into the CD8 lineage is dramatically increased in the absence
of IK. Also, we provide evidence that one mechanism behind the role of IK in positive selection
may be as a regulator downstream of a signaling pathway that functions as a modulator of TCR
signaling strength.

Materials and Methods
Mouse strains

IK–/– mice (C57BL/6 × 129) were crossed to CD3ζ–/– mice (The Jackson Laboratory) and ζ0,
ζ1, and ζ3 ITAM Tg mice (gift of Dr. W. Shores, National Institutes of Health, Bethesda, MD).
IK–/–CD3ζ–/– mice and IK+/+ CD3ζ–/– mice expressing each of the ITAM Tg were then crossed
to DO11.10 TCR Tg mice (gift of Dr. S. Miller, Northwestern University Feinberg School of
Medicine, Chicago, IL) or the H-Y TCR Tg mice (The Jackson Laboratory). All mice were
crossed to a Rag1–/– background.
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Mice were analyzed between 3 and 4 wk of age using age-matched controls. They were bred
and maintained in the Northwestern University Center for Comparative Medicine (Chicago,
IL). All animal studies were approved by Northwestern University's Animal Care and Use
Committee.

Lymphocyte preparation and analyses
Lymphocyte suspensions were made from thymus and spleen as previously described (8). The
following Abs (Abs) were used for flow cytometric analyses: anti-CD4 (GK1.5), anti-CD8
(53-6.7), anti-TCRβ (H57-597), and anti-CD40-L (MR1). All Abs were purchased from
eBioscience and were allophycocyanin, FITC, or PE conjugates. Cells were analyzed on a
FACSCalibur (BD Biosciences) flow cytometer and analyses performed using FloJo software.

CD40 ligand (CD40L) expression assays
Flat – bottom, 96-well plates were coated with anti-CD3ε (145-2C11) and anti-CD28 (37.51)
at 10 μg/ml each. Thymocytes were cultured at 5 × 106 cells/well in RPMI 1640, 10% FCS,
500 U/ml each streptomycin and penicillin, and 50 μM 2-ME (RPMI complete medium) for4hat
37°C. Alternatively, cells were cultured in RPMI complete medium with PMA (20 ng/ml) and
ionomycin (500 ng/ml) for 5 h. Cells were then stained with fluorochrome-conjugated Abs
against CD4, CD8, and CD40L, followed by analyses on a FACSCalibur (BD Biosciences)
flow cytometer.

Quantitative RT-PCR
CD4+CD8+ DP thymocytes were sorted using a DakoCytomation MoFlo. Purity was
consistently ≥98%. mRNA was prepared using an SV total RNA isolation kit (Promega),
followed by the generation of cDNA using a Super-Script II kit (Invitrogen). Quantitative RT-
PCR (qRT-PCR) was performed using a Bio-Rad iQ5 Real Time PCR machine and iQ SYBR
Green Supermix. Results were analyzed with the Pfaffl method. Primers used for qRT-PCR
were generated using the Beacon Design program and synthesized by IDT DNA Technologies.
Sequences are available upon request.

Ex vivo TCR cross-linking and Western blot analyses
IK–/– and IK+/+ thymocytes (1 × 107) were activated by incubation with anti-CD3ε (hamster
IgG isotype; 20 μg/ml), followed by cross-linking with goat anti-hamster IgG (20 μg/ml)
(Jackson ImmunoResearch) for 1, 3, or 5 min at 37° C. Cells were lysed in 420 mM NaCl lysis
buffer (20 mM Tris (pH 7.5), 0.1% BSA, 1 mM EDTA, and 1% Nonidet P-40) supplemented
with protease and phosphatase inhibitors. Fifty μg of protein was electrophoresed on 8%
denaturing SDS gels followed by transfer to polyvinylidene difluoride membranes. Membranes
were incubated with primary Ab (anti-phosphotyrosine from Upstate Biotechnology and anti-
Erk, anti-Akt, anti-phospho-Erk, and anti-phospho-Akt Abs from Cell Signaling Technology)
followed by HRP-conjugated anti-rabbit or anti-mouse IgG secondary Ab (Jackson
ImmunoResearch Laboratories). Proteins were visualized by incubation with ECL reagent and
exposure to film.

Results and Discussion
Appearance of DO11.10 Tg CD4 SP cells occurs with decreased TCR signaling potential in
IK–/– thymuses

The IK null (IK–/–) mutation was backcrossed onto a CD3ζ–/– background expressing the ζ0,
ζ1, or ζ3 Tg. These mice were then crossed to mice expressing the DO11.10 TCR on a
Rag1–/–, positively selecting (H-2d) background to determine whether, in the absence of IK as
compared with the presence of IK, decreased TCR signaling potential would be sufficient for
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the maturation of CD4 T cells. Levels of DO11.10 TCR were not statistically different on
double negative and CD4 populations in all strains of IK–/– mice as compared with their
IK+/+ counterparts. However, a statistically greater level of TCR staining was observed in
IK–/– DP populations in the ζ1Tg mice (p = 0.0007). This was due to a greater percentage of
DP thymocytes that had up-regulated TCR as compared with their IK+/+ counterparts, as occurs
during positive selection (supplemental Fig. S1).6

In the absence of the CD3 ζ-chain, TCR is not stably expressed on the cell surface (5). DP
thymocytes develop in CD3ζ–/– mice, albeit with a reduced thymic cellularity due to the
absence of the proliferative burst associated with β selection (Fig. 1A). IK wild-type (IK+/+)
DO11.10 CD3ζ–/– mice had an average 26-fold reduction in thymic cellularity compared with
their CD3ζ+/+ counterparts (Fig. 1A), similar to what has been reported previously on a
polyclonal TCR background (3). IK–/– DO11.10 CD3ζ–/– mice had an average 10-fold
reduction in thymic cellularity compared with their CD3ζ+/+ counterparts (Fig. 1A), showing
that lack of IK does not decrease dependence on TCR signaling for thymocyte expansion.

CD4 SP cells are not observed in IK+/+ DO11.10 ζTg thymuses unless all three CD3ζ ITAMs
(IK+/+ DO11.10 ζ3-Tg and IK+/+ DO11.10 CD3ζ+/+) are present (Fig. 1, B and C). In contrast,
CD4 SP cells are observed in all of the IK–/– thymuses, including IK–/– DO11.10 CD3ζ–/–

thymuses (Fig. 1, B and C).

CD8 SP cells are observed in IK–/– DO11 ζ1Tg thymuses
IK–/– mice display aberrant development of “CD4-like” SP thymocytes when expressing MHC
class I-restricted TCR Tg (8). However, aberrant development toward the CD8 lineage was
not observed in IK–/– mice expressing an MHC class II-restricted TCR Tg (8). Thus, it was
surprising to observe CD8 SP cells in thymuses of IK–/– DO11.10 ζ1Tg mice (Fig. 1). These
CD8 SP cells have up-regulated TCR surface expression compared with their DP counterparts,
implying that they are not immature thymocytes that have aberrantly down-regulated CD4
(supplemental Fig. S2). However, they are not found in the periphery, suggesting that they are
not fully mature T cells (supplemental Fig. S3).

CD4 SP thymocytes in IK–/– DO11.10 ζ1Tg mice up-regulate CD40L
In the absence of IK, the efficiency of positive selection toward the CD4 lineage reaches its
maximum with the ζ1Tg, as determined by the percentage of CD4 SP thymocytes (Fig. 1C).
To determine whether CD4 SP thymocytes in IK–/– DO11.10 ζ1Tg thymuses are mature,
thereby providing evidence that they have undergone positive selection, their ability to up-
regulate CD40L was tested (8). Only mature CD4 T cells can up-regulate expression of this
cell surface marker in response to activation (13,14).

As expected due to the lack of CD4 SP cells, no CD40L up-regulation was observed with
IK+/+ DO11.10 ζ1Tg thymocytes (Fig. 2A). In contrast, IK–/– DO11.10 ζ1Tg CD4 SP
thymocytes up-regulated CD40L in a quantitatively equivalent fashion to that observed in CD4
SP thymocytes from wild-type mice (Fig. 2A). IK–/– DO11.10 ζ1Tg DP thymocytes were
unable to up-regulate CD40L (Fig. 2A), obviating the concern that immature IK–/– thymocytes
may have this ability. These data provide evidence that IK–/– DO11.10 ζ1Tg CD4 cells are
mature T cells.

Can IK null T cells differentiate toward the CD4 lineage in the absence of TCR signal, as
suggested by the appearance of CD4 SP thymocytes in the IK–/– DO11.10 CD3ζ–/– thymuses?
To answer this question, the maturity of CD4 SP thymocytes in these thymuses was assessed

6The online version of this article contains supplemental material.
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using PMA and ionomycin activation. Lack of TCR surface expression obviates the use of anti-
CD3ε for stimulation. IK–/– DO11.10 CD3ζ–/– Tg CD4 SP thymocytes were unable to up-
regulate CD40L, demonstrating that they are not functional T cells (Fig. 2B). This is not due
to an inability of mature IK–/– T cells to up-regulate CD40L in response to PMA and ionomycin
(supplemental Fig. S4). Therefore, lack of IK does not bypass the requirement for TCR surface
expression in positive selection.

A second measure of positive selection is the export of T cells to the periphery. Therefore,
spleens from IK–/– DO11.10 ζ0Tg and IK–/– DO11.10 ζ1Tg mice, as well as their IK+/+

counterparts, were analyzed for the presence of CD4 T cells. IK+/+ DO11.10 ζ0Tg and ζ1Tg
spleens contained no CD4 T cells (supplemental Fig. S3). In contrast, spleens from IK–/–

DO11.10 ζ0 and ζ1Tg mice contained CD4 T cells (supplemental Figure S3). CD4 T cells were
not observed in the spleens of IK–/– DO11.10 CD3ζ–/– mice, another indication that CD4 T
cells observed in the thymuses of these mice are not mature (supplemental Fig. S3).

CD8 SP cells do not develop with decreased signaling potential in IK–/– H-Y ζTg thymuses
If the lack of IK universally lowers signaling thresholds for positive selection, maturation of
CD8 T cells should also require fewer ζITAM in IK–/– thymuses. Alternatively, IK may have
differential roles in establishing signaling thresholds for the positive selection of CD4 vs CD8
T cells, in which case TCR signaling thresholds may not be altered for IK–/– CD8 T cells. To
differentiate between these possibilities, IK–/– H-Y TCR Tg/Rag1–/– mice were crossed onto
the CD3ζ–/–/ζTg backgrounds. Because the H-Y TCR interacts with a male-specific Ag with
high affinity, only negative selection occurs in male mice (11). Therefore, female mice were
analyzed. Levels of H-Y TCR were statistically equivalent on all thymic subsets in all strains
of IK–/– mice as compared with their IK+/+ counterparts (supplemental Fig. S1).

As in DO11.10 CD3ζ–/– mice, DP thymocytes are able to develop in H-Y CD3ζ–/– mice.
Cellularity in IK+/+ H-Y CD3ζ–/– thymuses is reduced an average of 4.9-fold compared with
their CD3ζ+/+ counterparts (Fig. 3A). IK–/– H-Y CD3ζ–/– thymuses also display a significantly
reduced thymic cellularity compared with their CD3ζ+/+ counterparts (23-fold) (Fig. 3A).

CD8 SP cells are observed in IK+/+ H-Y ζ1Tg thymuses, although at a reduced percentage
compared with their CD3ζ+/+ counterparts (Fig. 3B). In IK–/– H-Y ζTg mice, CD8 SP
thymocytes also are first observed with the ζ1Tg, demonstrating that a lack of IK does not
lower signaling requirements for maturation toward the CD8 lineage. However, there is
enhanced selection toward the CD8 lineage in IK–/– thymuses, with efficient selection observed
with ζ1Tg as determined by the percentage of CD8 SP thymocytes (Fig. 3C), in comparison
with IK+/+ thymuses in which maximum selection was not observed unless all three ζITAMS
were present.

Decreased dependency on TCR signal for the maturation of IK–/– CD4 T cells is not the result
of altered expression of survival genes

TCR signals that initiate positive selection induce the expression of Bcl2 family member genes,
whose products play a critical role in the regulation of thymocyte survival vs apoptosis (15).
Lack of IK may lead to altered expression of proapoptotic or antiapoptotic genes in thymocytes,
which in turn could lead to the observed lower TCR signaling thresholds for the maturation of
CD4 cells. To examine this possibility, expression of Bcl2 family member genes was compared
between IK–/– DO11.10 ζ1Tg DP thymocytes that appear to undergo positive selection and
their IK+/+ counterparts that do not undergo positive selection. DP thymocytes were chosen as
the target population because these are the cells that would be initiating the changes in gene
expression required for positive selection.
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Many Bcl2 family member genes were expressed at statistically equivalent levels in IK–/–

DO11.10 ζ1Tg and IK+/+ DO11.10 ζ1Tg DP thymocytes (Fig. 4A). Exceptions were Bcl-xL
and Mcl-1, which were expressed at lower levels, and Bcl-w and Bcl2A1, which were expressed
at higher levels in IK–/– cells. Mcl-1 and Bcl-xL expression levels parallel each other and both
are down-regulated by positive selection signals (16,17), offering an explanation for their lower
expression levels in IK–/– DO11.10 ζ1Tg DPs, which, by the evidence we have provided, are
receiving these signals. Although expression levels of the antiapoptotic genes Bcl2A1 and Bcl-
w were up-regulated in the absence of IK, it is unlikely that this is sufficient to lower the
thresholds of positive selection. Bcl2A1 overexpression has been reported to prolong the
survival of immature DP thymocytes, but it cannot drive positive selection in the absence of a
sufficient TCR signal (18). Also, no role for Bcl-w has been reported in thymocytes and its
expression levels, in both the presence and absence of IK, are extremely low (Fig. 4A).

Deregulation of Notch target gene expression in IK –/– DO11.10 ζ 1Tg DP thymocytes
The complete process of positive selection cannot be induced by TCR cross-linking ex vivo
unless thymocytes are cocultured with thymic epithelium. The thymic cortical epithelium
expresses Notch ligands, and Notch signals can act to enhance TCR signal transduction in DP
thymocytes (19,20). Thus, deregulation of Notch target gene expression may also be
hypothesized to reduce TCR signaling thresholds for positive selection. Lack of IK leads to
deregulated Notch target gene expression in thymocytes (21–23), suggesting that deregulation
of the Notch-induced genes in IK–/– DP thymocytes could facilitate positive selection with
suboptimal signals. Therefore, expression levels for two canonical Notch target genes, Hes1
and Deltex1, were compared in IK+/+ DO11.10 ζ1Tg and IK–/– DO11.10 ζ1Tg DP thymocytes.
Both genes were expressed at higher levels in IK–/– DO11.10 ζ1Tg DP thymocytes (Fig. 4B).
These data suggest that the mechanism by which IK influences signaling thresholds for positive
selection could be through its role in Notch target gene regulation. How this results in lowered
thresholds specifically for the CD4 lineage is under investigation. Finally, we examined the
impact of lack of IK on cytoplasmic phosphorylation events that occur in response to TCR
signaling in thymocytes. Interestingly, although no observable differences in the gross levels
of tyrosine phosphorylation were observed in IK–/– thymocytes as compared with their wild-
type counterparts, levels of Erk phosphorylation appeared to be slightly sustained and levels
of Akt phosphorylation were increased (Fig. 4C and supplemental Fig. S5). It is interesting to
speculate that the enhanced Akt activation observed in IK–/– thymocytes could result in a
survival advantage in the presence of less TCR signal and therefore could contribute to the
phenotype reported in this study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
IK–/– thymocytes expressing a DO11.10 TCR develop into CD4 SP cells with reduced TCR
signaling potential. A, Absolute numbers of thymocytes in IK+/+ (filled symbols) and IK–/–

(open symbols) DO11.10 ζTg mice. Averages, SEM, and sample size (n) are listed. B,
Representative flow cytometry plots showing CD4/CD8 profiles of IK+/+ (upper panels) and
IK–/– (lower panel) DO11.10 ζTg thymuses. Numbers denote percentage of cells in each region.
C, Bar graphs denoting average percentage (left panel) and absolute number (right panel) of
CD4 SP cells in IK+/+ and IK–/– DO11.10 ζTg thymuses. Error bars indicate SEM. ζ–,
CD3ζ–/–; ζ+, CD3ζ+/+.
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FIGURE 2.
CD4 SP cells that develop with reduced TCR signaling potential in the absence of IK are
mature. Thymocytes were activated followed by staining with anti-CD4-allophycocyanin, anti-
CD8α-FITC, and anti-CD40L-PE. Representative flow cytometry plots (far left column) of
postactivation thymocytes with CD4 SP and DP gates that were used to analyze the up-
regulation of CD40L are shown. Representative histograms (right columns) of anti-CD40L-
PE staining (black line) compared with isotype control (shaded) in postactivation whole
thymus, CD4 SP, and DP thymocytes are shown. A, Thymocytes from IK+/+,IK+/+ DO11.10
ζ1Tg, and IK–/– DO11.10 ζ1Tg mice activated with anti-CD3ε and anti-CD28. B, Thymocytes
from IK+/+ and IK–/– DO11.10 ζ–/– mice activated with PMA/ionomycin.
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FIGURE 3.
IK–/– thymocytes expressing an H-Y TCR do not develop into CD8 SP cells with reduced TCR
signaling potential. A, Absolute numbers of thymocytes in IK+/+ (filled symbols) and IK–/–

(open symbols) H-Y ζTg female mice. Averages, SEM, and sample size (n) are listed. B,
Representative flow cytometry plots showing CD4/CD8 profiles of IK+/+ (upper panels) and
IK–/– (lower panels) H-Y ζTg female thymuses. Numbers denote percentage of cells in each
region. C, Bar graphs denoting average percentage (left panel) and absolute number (right
panel) of CD8 SP cells in female IK+/+ and IK–/– H-Y ζTg female thymuses. Error bars
represent the SEM. ζ–, CD3ζ–/–; ζ+, CD3ζ+/+.
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FIGURE 4.
Comparison of expression levels of Bcl2 family and Notch target genes and levels of Akt
phosphorylation in the presence and absence of IK. A, Expression levels of Bcl2 family genes
were analyzed by qRT-PCR in IK+/+ and IK–/– DO11.10 ζ1Tg DP thymocytes. Bar graph shows
levels relative to those of HPRT. Bcl2, Bclxl, Mcl-1, Bcl-w, and Bcl2A1 are antiapoptotic,
whereas Bim, Bclxs, Bak, and Bax are proapoptotic. B, Expression levels of Notch target genes
Hes1 and Deltex1 were analyzed by qRT-PCR in IK+/+ and IK–/– DO11.10 ζ1Tg DP
thymocytes. Bar graph shows levels relative to those of HPRT. All experiments were performed
at least three times in duplicate. Error bars represent the SEM. p values were calculated using
paired Student t tests. *, p < 0.1; **, p < 0.05. C, Akt phosphorylation levels were analyzed by
Western blot analyses using protein extracts prepared from IK–/– and IK+/+ thymocytes
activated by TCR cross-linking for the indicated amounts of time. Levels of Akt were analyzed
as a loading control. IB, Immunoblotting.
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