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The Journal of Immunology

Combined Deletion of Id2 and Id3 Genes Reveals Multiple
Roles for E Proteins in Invariant NKT Cell Development and
Expansion

Jia Li,* Di Wu,†,‡ Ning Jiang,†,‡ and Yuan Zhuang*

The invariant NKT (iNKT) cells represent a unique group of ab T cells that have been classified based on their exclusive usage of

the invariant Va14Ja18 TCRa-chain and their innate-like effector function. Thus far, the transcriptional programs that control

Va14Ja18 TCRa rearrangements and the population size of iNKT cells are still incompletely defined. E protein transcription

factors have been shown to play necessary roles in the development of multiple T cell lineages, including iNKT cells. In this study,

we examined E protein functions in T cell development through combined deletion of genes encoding E protein inhibitors Id2 and

Id3. Deletion of Id2 and Id3 in T cell progenitors resulted in a partial block at the pre-TCR selection checkpoint and a dramatic

increase in numbers of iNKT cells. The increase in iNKT cells is accompanied with a biased rearrangement involving Va14 to

Ja18 recombination at the double-positive stage and enhanced proliferation of iNKT cells. We further demonstrate that a 50%

reduction of E proteins can cause a dramatic switch from iNKT to innate-like gd T cell fate in Id2- and Id3-deficient mice.

Collectively, these findings suggest that Id2- and Id3-mediated inhibition of E proteins controls iNKT development by restricting

lineage choice and population expansion. The Journal of Immunology, 2013, 191: 5052–5064.

D
evelopment of T cells in the thymus generates multiple
types of T cells that belong to different lineages, defined
primarily by the types of TCRs they use. The ab T lin-

eage is specified after expression of the pre-TCR composed of the
TCRb-chain and the invariant pre–TCRa-chain. These precursor
T cells then undergo proliferative expansion before rearranging the
TCRa-chain. Upon generation of the ab TCR, most ab T cells
differentiate into CD8 cytolytic or CD4 helper lineages based on
their ability to recognize peptide Ags presented by either the MHC
class I or class II molecules, respectively. A small fraction of ab
T cells form the NKT cell lineage owing to their TCR selection
by lipid Ags presented by CD1d, an MHC-like molecule (1, 2).
NKT cells represent a distinct effector group that is capable of
providing diverse and fast effector functions and thus is also
classified as innate-like T cells (3).
A large fraction of NKT cells use a canonical TCRa-chain

resulting from Va14 to Ja18 rearrangement and are thus named
invariant NKT (iNKT) cells (4). The remaining NKT cells, re-
ferred to as type II NKT cells, also show highly restricted Va-Ja
usages and recognize lipid Ags different from those recognized

by iNKT cells (5–8). iNKT cells share the same developmental
history with the rest of ab T cells up to the double-positive (DP

stage) (DP for CD4 and CD8 expression), where the TCRa gene
rearranges. Expression and selection of an appropriate TCRa-

chain at this stage have been shown to provide the driving force
in iNKT cell development (9–11). Most of our understanding of
iNKT lineage development is based on events during and after

TCRa gene expression at the DP stage. It is not entirely clear
whether the highly restricted Va-Ja usage for NKT cells is simply

a result of TCR-mediated selection or additional regulation prior
to TCR selection (12, 13).
E proteins and their inhibitors Id proteins have been shown to

play important roles at the pre-TCR, the gdTCR, and the abTCR
checkpoints (14, 15). E proteins are basic-HLH motif–containing

transcription factors, which bind E-box DNA sequences as dimers
(16). Id proteins inhibit E protein function through competitive
dimerization with E proteins, thereby preventing E proteins from

binding to DNA (17). Two E protein genes, E2A and HEB, and
two Id genes, Id3 and Id2, have been shown to be involved in

producing E proteins and Id proteins, respectively, during T cell
development (18). Although removal of a single E protein gene

only resulted in partial defects in T cell development, deletion of
both E2A and HEB genes in the early stages of T cell development
resulted in nearly complete block in ab lineage development and

severe impairment in gd lineage development (19). Conditional
deletion of E2A and HEB at the DP stage with CD4-Cre also

demonstrated an essential role for E proteins in CD4 lineage and
iNKT lineage development (20–22). In contrast to E protein gene
knockout, deletion of Id3 early in T cell development resulted in

a significant increase in gd lineage T cells (23), although this
increase is almost exclusively restricted to innate-like gd T cells

expressing the Vg1.1Vd6.3 TCRs (24). The enhanced gd lineage
development has been attributed to elevated levels of E protein

activities because deletion of Id3 and E2A together can correct the
innate gd T phenotype. These genetic studies clearly demonstrated
that E protein dosage plays an important role in influencing the

fate choice between the gd and ab lineages at the pre-TCR and
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gdTCR checkpoints, reminiscent of E protein functions at the
abTCR checkpoint (14, 25).
Given that Id2 has been shown to collaborate with Id3 in reg-

ulating the TCR checkpoint (22), it is speculated that Id2 could
also collaborate with Id3 in regulating the pre-TCR and gdTCR
checkpoints. In this study, we used Lck-Cre (26) to delete both Id2
and Id3 at the pre-TCR and gdTCR checkpoints. Deletion of both
Id2 and Id3 resulted in a partial block at the pre-TCR checkpoint
and increased production of innate gd T cells, suggesting opposing
roles for Id genes in regulating the ab lineage and the innate gd
lineage. More importantly, analysis of Id2 and Id3 double-deficient
animals also revealed a novel role for Id2 and Id3 in regulating the
development and expansion of iNKT cells. The mutant mice showed
a dramatic increase in numbers of iNKT cells. A biased rearrange-
ment involving Va14-Ja18 was detected in preselecting DP cells,
indicating a role for Id proteins in regulating Va14-Ja18 rear-
rangement prior to CD1d-mediated selection. Results presented
in this study further suggest a dosage-dependent mechanism for
Id genes in repressing the fate of innate-like gd T cells versus
iNKT cells during T cell development.

Materials and Methods
Mice

The Lck-Cre transgenic allele (26) and flox alleles for the Id3 (27), Id2
(28), E2A (26), and HEB (19) genes have been previously described. Mice
used in this study have been maintained on 129/sv and C57BL/6 mixed
background in a specific pathogen-free facility managed by Duke Uni-
versity Division of Laboratory Animal Resources. All procedures have
been conducted according to protocols approved by the Institutional An-
imal Care and Use Committee.

Cell staining and flow cytometry

BrdU staining (BD Biosciences) was performed according to the manu-
facturer’s protocol. Intracellular staining was performed after 2% para-
formaldehyde fixation and 0.5% saponin permeabilization. Staining for
promyelocytic leukemia zinc finger (PLZF) Ab (provided by Dr. Derek
Sant’Angelo) was carried out using a Foxp3 staining buffer set (eBio-
science). CD1d tetramers (CD1dtet) with or without loaded PBS57 Ag
were obtained from the Tetramer Facility of the National Institutes of
Health. CD1d staining was done in dark for 30 min at room temperature
before Ab staining of other cell surface markers. FACS was performed on
a FACSCanto II (BD Biosciences). Doublets and dead cells were gated out
before data analysis. Data were analyzed with FlowJo software (Tree Star).

In vitro OP9-DL1 culture

FACS sorting of double-negative (DN) cells was performed after Dynabead
biotin binder (Invitrogen) treatment to deplete CD4 single-positive (SP),
CD8 SP, and DP cells. The remaining cells were stained with CD44,
CD25, TCRb, TCRgd, and CD27 Abs. A mixture of CD4, CD8, Gr-1,
Mac-1, B220, and NK1.1 Abs was included in staining as the dump
channel to eliminate non-T cells and any residual CD4 SP, CD8 SP, and
DP cells. Cells were cultured in MEM-a medium (10% FBS, penicillin/
streptomycin, and 5 ng/ml IL-7 for all cultures and additional 5 ng/ml
Flt3 ligand for the DN3 culture) on OP9-DL1 cell–coated plates. Lympho-
cytes were harvested and analyzed by FACS at the specified time points.

V(D)J rearrangement analysis

cDNA from FACS-sorted thymocyte fractions were prepared as described
(22). For Va14-Ja18 usage in CD1dtet-sorted iNKT cells, cDNAs were
amplified with primers as described (21, 29). RT-PCR products were
subcloned into TOPO TA vector (Invitrogen) and sequenced. Ja gene
segment usage was determined using the V-QUEST search program (30)
and verified by manual check. For Ja repertoire analysis of DP cells,
a Va8- or Va14-specific primer and a Ca primer were used to generate
libraries for Ion Torrent high-throughout sequencing. Data were converted
to the FAST format (31) on a Galaxy platform (http://galaxyproject.org/)
before being submitted to the High/V-QUEST search engine (32). ATCRb
V-D-J rearrangement assay was performed with primers Vb5-59 and Jb2.7-
39 according to the protocol described previously (19). Genomic DNAwas
extracted from FACS-sorted cell fractions.

Results
Conditional removal of Id2 and Id3 with Lck-Cre impairs T cell
development

We hypothesized that Id2 may play a redundant role and func-
tionally compensate for the loss of function of Id3 at the pre-TCR
checkpoint. To test this hypothesis, we used Lck-Cre to drive con-
ditional deletion of Id3 and Id2 before the pre-TCR and gdTCR
checkpoints. PCR analysis of fractionated thymocytes demon-
strated that Lck-Cre–mediated deletion of the Id2 and Id3 floxed
alleles started at the DN3 stage and achieved near completion
by the DP stage (Supplemental Fig. 1). Mice carrying the Lck-
Cre transgene or the floxed alleles alone did not show any phe-
notype (Supplemental Fig. 2A). Lck-Cre–induced Id2 deletion
alone did not produce any developmental abnormalities, whereas
deletion of both copies of Id3 plus one copy of Id2 resulted in
a dramatic increase in gd T cells and a reduction in ab T cells
(Fig. 1A, bottom panel), a result similar to a previous report of Id3
knockout mice (23). Deletion of both Id2 and Id3 with Lck-
Cre (referred to as L-DKO hereafter) resulted in a phenotype sig-
nificantly different from these control groups. The total thymic
cellularity of L-DKO mice was reduced to an average of 36%
(among 1.5-mo-old young adults) or 43% (at the weaning age) in
comparison with age-matched Cre2 control mice (Fig. 1B). Con-
sistent with an earlier study involving CD4-Cre–mediated deletion
of Id2 and Id3 at the DP stage, Lck-Cre–mediated deletion of Id2
and Id3 at the DN stage also resulted in a complete block in CD8
lineage development (22) (Fig. 1A, upper panel). L-DKO mice
also exhibited a significant increase in numbers and percentages
of CD42CD82 (DN) cells (Fig. 1A, middle panel). Further
analysis showed that the increase in DN cells could be attributed
mostly to a change in the CD42CD82CD252CD442 (DN4)
fraction (from 6.76 1.13 105 in Cre2 mice to 26.56 5.23 105

in L-DKO mice; Supplemental Fig. 2B). The absolute numbers of
DN3 and DP cells in L-DKO mice were decreased to approxi-
mately half of the Cre2 controls (Supplemental Fig. 2B, 2C).
Collectively, these results indicated that Lck-Cre induced dele-
tion of Id2 and Id3 perturbed T cell development at multiple stages,
including the DN3 stage.

Accumulation of CD42CD82TCRblo cells occurs during
neonatal life

Further examination of L-DKO thymocytes showed that their CD4+

CD82 cells expressed TCRb at a level lower than that of CD4 SP
in Cre2 controls (Fig. 1C). TCRblo cells were also observed
among most CD42CD82 cells and peripheral CD4 T cells in
L-DKO mice. Both L-DKO and Id2+/fId3f/fLck-Cre+ mice also
showed a small fraction of TCRb2 cells among the CD4 T cells in
the thymus and periphery. A separate FACS analysis showed that
these TCRb2CD4+CD82 T cells were innate-like gd T cells as
reported in Id3 knockout mice (24). To uncover the primary de-
velopmental defects and to limit the potential cross-regulation
from effector T cells generated in the mutant mice, we switched
to examination of neonatal animals (Fig. 1D). Among day 3 neo-
nates, CD4 cells were not detected in L-DKO mice, indicating
a developmental block in the transition from DP to CD4 SP. CD42

CD82TCRblo T cells were also absent at this early stage. In con-
trast, a dramatic increase in CD42CD82TCRblo T cells and gd
T cells became apparent 10 d after birth concomitant with the ap-
pearance of CD4 cells. By day 20 (weaning age), both CD42CD82

TCRblo T cells and CD4 cells exhibited a further increase in per-
centages relative to other populations in the thymus of L-DKO
mice. CD4 cells in the mutant mice expressed a lower level of
TCRb in comparison with the CD4 cells in the Cre2 control mice

The Journal of Immunology 5053
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FIGURE 1. Early T cell development is perturbed by Lck-Cre–induced knockout of Id2 and Id3. (A) Total thymocytes were analyzed in two-dimensional

plots of either CD4 and CD8a (top panel) or TCRb and TCRd (bottom panel). The DN fractions (defined by CD42CD82NK1.12B2202Gr-12Mac-12) of

thymocytes were displayed by CD44 and CD25 expression (middle panel). Samples are from 2-mo-old Id2+/+Id3+/+LckCre2, Id2f/fId3+/+LckCre+, Id2+/f

Id3f/fLckCre+, and Id2f/fId3f/fLckCre+ mice as indicated on the top of each column. Percentages of cells in each quadrant are displayed. (B) Cell counts of

total thymocytes in 1.5-mo-old and 20-d-old mice. The mean value for 1.5-mo-old Cre2 control mice is 2.46 0.23 108 (n = 7), and for Cre+ L-DKO mice

is 0.85 6 0.13 3 108 (n = 8). The p value of the t test between the two groups is ,0.0001. The mean value for 20-d-old Cre2 control mice is 13 6 1.1 3
107 (n = 5), and for Cre+ L-DKO is 5.6 6 1.2 3 107 (n = 5). The p value of the t test between the two groups is 0.0017. (C) Expression level of TCRb

among indicated cell fractions isolated from thymus, spleen, and lymph nodes. (D) FACS analysis of day 3, 10, and 20 neonatal Cre2 and Cre+Id2f/fId3f/f

thymocytes. Plots shown are CD4/CD8a staining of total thymocytes (top panel) and TCRb/TCRd staining of DN fractions (bottom panel). Percentages of

cells in each quadrant are shown. Results are representative of three Cre2 and Cre+ pairs at each time point. (E) Cre2 (red) and Cre+ (blue) samples from

day 20 shown in (D) were further analyzed in an overlay histogram to display TCRb expression in DP and CD4 SP cells.

5054 Id PROTEINS RESTRICT iNKT LINEAGE DEVELOPMENT
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(Fig. 1E). Based on these findings, we chose 20-d-old animals to
further dissect T cell development in L-DKO mice.

A partial block at the pre-TCR checkpoint

Given that Lck-Cre initiates Id2 and Id3 deletion at the DN3 stage,
we first evaluated the effect of Id deletion on pre-TCR selection.
We used CD27 to separate DN3 cells into DN3a (CD27lo) and
DN3b (CD27hi) fractions (Fig. 2A). CD27 upregulation is tightly
correlated with pre-TCR selection among DN3 cells (33). Anal-
ysis of L-DKO mice showed that the percentage of DN3b cells
within the DN3 fraction was reduced to approximately one-half of
that in Cre2 control littermates (Fig. 2B). To determine whether
this block in pre-TCR selection was due to any major perturba-
tions of TCRb gene rearrangement, we examined TCRb gene
usage based on V-D-J rearrangements (19). A random pattern of

Jb usage was detected among DN3 and DN4 cells in Cre2 mice
and DN3 cells from L-DKO mice (Fig. 2C). This result indicated
a relatively normal TCRb usage among DN3 cells in L-DKO mice.
However, both CD42CD82TCRb+ and CD42CD82TCRb2 cells
in L-DKO mice showed a perturbed pattern of D-J usage.
To further evaluate the efficiency of pre-TCR selection, we tested

the differentiation capability of DN3 cells in an OP9-DL1 culture
system (34). DN3 cells from both Cre2 control and L-DKO samples
expanded dramatically and differentiated into the DP stage within
6 d in culture (Fig. 2D, 2E). However, DN3a cells from L-DKO
mice progressed from DN to DP in a slower kinetics in compar-
ison with the Cre2 controls (Fig. 2D). The kinetic difference be-
tween these two genotype groups was also evident among the
sorted DN3b cells (Fig. 2E), which represents cells having un-
dergone b-selection (33). Collectively, these data indicate that

FIGURE 2. Pre-TCR checkpoint is partially blocked. (A) Separation DN3a and DN3b fractions with CD27 marker. DN cells were defined as CD42CD82

NK1.12B2202Gr-12Mac-12 here in FACS sorting. DN3 fraction was first gated as a c-Kit2CD25+ fraction of DN thymocytes before analysis with CD44

and CD27. (B) Summary of DN3b percentages in total DN3 from four independent sortings. Means 6 SE are 13 6 1.3% for Cre2 and 7.2 6 0.86% for

Cre+ samples with p = 0.01. (C) TCRb D-J rearrangement assay with Vb5 and Jb2.7 primers. Lane orders are: M, size marker; L-DKO DN3; L-DKO DN4

TCRb+; L-DKO DN4 TCRb2; Cre2 DN3; Cre2 DN4; Rag22/2. The predicted size for each rearrangement is: Jb2.7, 282 bp; Jb2.6, 495 bp; Jb2.5, 638 bp;

Jb2.4, 730 bp; Jb2.3, 869 bp; Jb2.2, 1135 bp; Jb2.1, 1338 bp. (D) OP9-DL1 culture of DN3a thymocytes sorted from Cre2 controls (left panel) and L-DKO

mice (right panel). Twenty thousand cells were seeded in each well for the time course experiments. CD4 and CD8 staining of total cultured cells are shown

for days 2, 4, and 6 in culture. Results are representative of three repeats of independently sorted cells. (E) OP9-DL1 culture of DN3b thymocytes sorted

from Cre2 controls (left panel) and L-DKO mice (right panel). Four thousand cells were seeded in each well for the time course experiments. Analysis was

carried out as described in (D). Results are representative of three repeats of independently sorted cells.

The Journal of Immunology 5055
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Lck-Cre–mediated deletion of Id2 and Id3 impaired the pre-TCR
checkpoint.

CD4+CD82TCRblo and CD42CD82TCRblo cells in L-DKO
mice are mostly iNKT cells and type II NKT cells

iNKT cells are known to express lower levels of TCR than those of
conventional ab T cells and are phenotypically classified into
either the CD4+CD82 or CD42CD82 compartment. The devel-
opment of iNKT cells also begins in the neonatal stage (4) with
a time frame similar to the CD4+CD82TCRblo cells and CD42

CD82TCRblo cells in L-DKO mice. We therefore examined the
possibility that the TCRblo cells in L-DKO mice were iNKT cells.
FACS analysis of thymocytes revealed that most CD4+ cells and
a third of CD42CD82 cells in L-DKO mice were recognized by
an Ag-loaded CD1dtet that specifically binds to the canonical
TCR on iNKT cells (Fig. 3A). PLZF has been shown to be a sig-
nature transcription factor for innate T lymphocytes, including
Vg1.1Vd6.3 gd T cells and iNKT cells (35). Intracellular staining
with anti-PLZF Ab demonstrated an overall increased in expres-
sion of PLZF in CD4+CD82 and CD42CD82 cells but not DP
cells in L-DKO mice (Fig. 3B). PLZF expression was found in
both ab1 and gd+ fractions of CD42CD82 cells in the mutant
mice. Furthermore, a small fraction of TCR2CD42CD82 cells
also expressed PLZF, indicating their possible lineage relationship
with TCR+ PLZF-expressing cells. On average, the absolute
numbers of CD4 SP and DN fractions in L-DKO mice were ∼9-
and 28-fold higher, respectively, than those of the age-matched
Cre2 controls (Fig. 3C). Because most CD4 SP and DN fractions
in L-DKO mice expresses PLZF, we conclude that Id2 and Id3
double deletion leads to a significant increase in numbers of PLZF-
expressing thymocytes. Sequencing analysis of cDNA products
amplified with Va14- and Ja18-specific primers confirmed the
exclusive usage of the canonical invariant Va14Ja18 TCR in CD4
CD1dtet+ cells isolated from L-DKO mice (Fig. 3D).
The lipid Ag used in the CD1dtet specifically recognizes

iNKT cells. Type II NKT cells have been shown to use several
highly restricted VaJa rearrangements, including Va3 to Ja9
rearrangement (7, 8). Therefore, we examined Va3Ja9 usage in
the TCRbloCD1dtet2 CD42CD82 and CD4+CD82 cells in the
mutant mice. Va3Ja9 products but not Va14Ja18 products were
readily detected by PCR in TCRbloCD1dtet2 cells (Fig. 3E).
Sequence analysis of Va3Ja9 products from TCRbloCD1dtet2

cells indicated that a third of them were in-frame and the remaining
two-thirds were out-of-frame Va3Ja9 rearrangements (Fig. 3F).
Therefore, other Va rearrangements must also be involved in gen-
erating functional TCRa-chains in the TCRbloCD1dtet2 fraction.
To further test lineage identity of the expanded TCRlo cells in

L-DKO mice, we bred L-DKO mice to the MHC class II–defi-
cient background. Both TCRbloCD1dtet+ and TCRbloCD1dtet2

cells in L-DKO mice were generated in the absence of MHC
class II selection (Fig. 4), demonstrating that these cells were
unrelated to the conventional helper T cell lineages. Thus, we
conclude that Lck-Cre–mediated deletion of Id2 and Id3 resulted in
increased generation of both iNKT cells and type II NKT cells.

Expansion of stage 1 iNKT cells in L-DKO mice

Further analysis showed that most iNKT cells developed in L-DKO
mice do not express NK1.1 and DX5 even though they have
downregulated CD24 (Fig. 5A). FACS analysis also showed that
iNKT cells in L-DKO mice expressed low levels of CD44 (Fig.
1A). These features together with PLZF expression indicated that
iNKT cell development in L-DKO mice has progressed to stage 1
(36, 37), where cells undergo proliferative expansion (38). Indeed,
in vivo BrdU pulse labeling revealed a significantly higher fraction

of cycling cells among CD4+ population in L-DKO mice (most of
which are iNKT cells) in comparison with the conventional CD4
SP cells in Cre2 controls (Fig. 5B, 5C). The percentage of cycling
cells was also higher in the DN TCRlo fraction of L-DKO mice
(most of which are presumed type II NKT cells) in comparison
with the conventional CD4 SP cells in Cre2 controls. The same
analysis indicated a relative normal pattern of cell cycle for
L-DKO mice at the DN2, DN3, and DP stages of T cell develop-
ment (Fig. 5C, Supplemental Fig. 3). This proliferative behavior
of NKT cells was observed at both weaning and young adult age
(Fig. 5B). Repertoire analysis with a panel of TCR Vb isotype-
specific Abs revealed a broad pattern of Vb usage among CD4+

cells of L-DKO mice, indicating that the expanded iNKT cells in
L-DKO mice remain polyclonal (Table I). However, the overall
patterns of Vb usage in L-DKO mice were different from the
conventional Vb8 . Vb7 . Vb2 rule (39), indicating the pos-
sibility of an altered selection during development or expansion
phase of these iNKT cells. Furthermore, five of six L-DKO mice
showed increased Vb usage involving Vb8.3, Vb11, or Vb13.
Taken together, these results indicated that Id2 and Id3 deletion
resulted in an expansion of immature iNKT cells.

Id2 and Id3 deletion results in a biased rearrangement toward
Va14-Ja18

Given that iNKT cell development is dependent on Va14 to Ja18
rearrangement, which typically occurs during the DP window of
thymocyte development, we asked whether Id2 and Id3 deletion
affects TCRa rearrangement. We assessed the Ja usage by per-
forming high-throughput sequencing of rearrangement products
involving either Va8 or Va14 genes from the preselecting CD4+

CD8+CD692 DP cells. CD1dtet+ and CD69+ postselecting cells
were gated out to avoid the contamination of NKT cells or mature
ab T cells (Supplemental Fig. 4). Ja usage was captured by PCR
amplification with a Va-specific primer and a Ca primer. A broad
pattern of Ja usage involving Va8 rearrangements was detected in
both Cre2 control and L-DKO cells (Fig. 6A). Because Va8 is one
of the commonly used Va genes (40), the random distribution of
Ja usage indicates that a significant fraction of DP cells undergoes
relatively normal TCRa rearrangements. In contrast to the Va8
result, Va14 rearrangements exhibited a highly skewed pattern
toward Ja18 usage in L-DKO mice (Fig. 6B). This bias toward
Ja18 was associated with Va14 but not Va8 (Fig. 6A). It remains
a possibility that some of these Va14-Ja18 rearrangements may
come from NKT cells that have downregulated their surface TCR.
However, this argument cannot fully explain the fact that a sig-
nificant number of unproductive Va14-Ja18 rearrangements were
also observed in three independent L-DKO DP samples (18, 19,
and 61%; Fig. 6B, lower panel). In particular, one of the three
samples (Fig. 6B, center pie chart) showed more unproductive
rearrangements (61%) than productive rearrangements (37%),
which presents a typical preselecting repertoire. In contrast, un-
productive Va14-Ja18 rearrangements were detected at a much
lower frequency in three wild-type control samples (0, 0.01, and
5%; Fig. 6B, upper panel). This result suggests that Id2 and Id3
deletion promotes Va14 to Ja18 rearrangements among devel-
oping T cells when Va14 is involved in rearrangements.

Increased iNKT development in Id2- and Id3-deficient mice is
driven by high levels of E proteins

The major targets of Id proteins are E protein transcription factors,
although E proteins are not the only Id-interacting proteins re-
ported thus far (41). To test whether enhanced iNKT develop-
ment is indeed regulated by E proteins, we lowered the E protein
dosage by removing one copy each of the E2A and HEB genes on
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FIGURE 3. CD42CD82TCRlo and CD4+CD82TCRlo cells in L-DKO mice are NKT cells. (A) Representative staining of total lymphocytes with CD4,

CD8, TCRb, and CD1dtet. CD4 and CD8 staining of total thymocytes were used to define DN and CD4 SP gates. DN and CD4 fractions of each genotype

were analyzed with either unloaded CD1dtet as a control or PBS57-loaded CD1dtet. The percentages of CD1dtet+ or TCRb+CD1dtet2 cells in CD4 and DN

fractions are displayed in the plots. (B) Intracellular staining of PLZF in CD4 SP (CD4+CD82), DP (CD4+CD8+), and DN (CD42CD82) fraction of total

lymphocytes. DN fraction is further separated by TCRb and TCRd. DN TCRb2TCRd2, DN TCRblo, and DN TCRd+ populations were analyzed. (C) Cell

counts for CD1dtet+ iNKT cells in CD4 SP and DN fractions in 20-d-old pups. The mean values for CD4 SP iNKT cells are 1.436 0.313 105 and 12.766
2.343 105 in Cre2 controls and L-DKO, respectively, with p = 0.0013. The mean values for DN iNKT cells are 0.646 0.153 105 and 17.816 5.083 105

in Cre2 controls and L-DKO, respectively, with **p = 0.0097. Five mice of each genotype group were used in the analysis. (D) Sequence results of

Va14Ja18 junctions from cDNA of DN CD1dtet+ and CD4 CD1dtet+ populations in L-DKO mice. N additions are shown in (Figure legend continues)
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the L-DKO background (referred to as L-DKO50%E). This ge-
netic change effectively reduced iNKT cell numbers almost back
to the level seen in Cre2 controls and concurrently enhanced
numbers of gd T cells dramatically (Fig. 7A, 7B). Further analysis
confirmed that the expanded gd T cells in L-DKO50%E mice
belong to the innate gd T lineage that uses exclusively the Vd6.3
TCR (Fig. 7A, right panel). This result indicates that innate gd T

and iNKT lineages are regulated by different levels of E proteins.

To further evaluate the necessity of E proteins in the generation of

innate gd T cells, we generated Id2f/fId3f/fE2Af/fHEBf/fLck-Cre+

quadruple-deficient mice (referred to as L-QKO mice). Deletion of

E2A and HEB effectively prevented ab T and iNKT lineage de-

velopment (Fig. 7C). Numbers of gd T cells in L-QKO mice were

also reduced to 10% of the Cre2 controls (Fig. 7D), a phenotype

similar to the previously defined Lck-Cre–mediated E2A and HEB

knockout mice (19). This result demonstrated that the Id2 and Id3

genes control iNKT lineage development through inhibition of E
protein activities exclusively.

Discussion
Following a recent publication demonstrating an essential role for
Id3 and Id2 at the TCR selection checkpoint (22), the present study
provided new genetic evidence that Id2 and Id3 are also collectively
involved in regulating the pre-TCR checkpoint. Furthermore, our

bold. (E) PCR analysis of Va14Ja18 and Va3Ja9 rearrangement in CD1dtet+ and CD1dtet2 fraction of DN and CD4 cells. Results are representative of

two independent experiments involving separate L-DKO mice. (F) Sequence results of Va3Ja9 junctions from cDNA of TCRbloCD1dtet2 population in

L-DKO mice. N additions are shown in bold.

FIGURE 4. Development and expansion of iNKT cells in L-DKO mice is independent of MHC class II. Total thymocytes were analyzed with either CD4

and CD8a (first row across) or CD1dtet and TCRgd (second row across) staining. The CD4+CD82 (third row across) and CD42CD82 (fourth row across)

fractions of thymocytes were displayed by CD1dtet and TCRb expression. Samples are from 20-d-old Id2f/fId3f/fLckCre2, Id2f/fId3f/fLckCre+, Id2f/fId3f/f

LckCre2MHC class II2/2, and Id2f/fId3f/fLckCre+MHC class II2/2 mice as indicated on the top of each column. Percentages of cells in each quadrant are

displayed. n = 2 for each genotype.
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FIGURE 5. Characterization of NKT cells in L-DKO mice. (A) Total thymocytes from Cre2 control L-DKO mice were displayed for CD1dtet and CD24

expression (left column), NK1.1 and TCRb expression (middle column), and DX5 and TCRb expression (right column). (B) BrdU incorporation among DP

and CD4+ SP thymocytes analyzed at 4 h after BrdU injection of 20-d-old (left panel) or 2-mo-old mice (right panel). The percentage of BrdU+ cells for

each subpopulation is shown in histograms. (C) Summary of BrdU+ percentages in DN2, DN3, DP, CD4+CD82, and DN TCRb+ fractions from three

independent experiments of 20-d-old pups. Significant difference was observed between L-DKO and control mice among the CD4+CD82 fraction (mean

value, 3.85 6 0.61 and 8.56 6 0.72% for Cre2 controls and L-DKO, respectively, with **p = 0.0076). Numbers of DN TCR+ cells in the Cre2 control

group were too small to be included in this analysis.
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study also revealed a previously unanticipated role for Id3 and Id2
in regulating iNKT cell development.
Two models have been proposed to explain the development

of iNKT cells (13). The “pre-commitment” model postulates that
iNKT cell fate is predetermined prior to CD1d-mediated selec-
tion. This idea has been supported by the finding that Va14-Ja18
rearrangements can be detected prior to the appearance of con-
ventional ab T cells in the mouse fetus (12). However, this finding
is inconsistent with the fact that most Va14-Ja18 rearrangements
occur as secondary rearrangements in DP cells, from which iNKT
cells are generated continuously in postnatal life (9–11). The
“mainstream” (or TCR-instructive) model argues that iNKT cells
acquire their lineage identity upon CD1d-mediated TCR selection
of DP cells that have successfully produced the canonical Va14-
Ja18 TCR resulting from the sequential rearrangement of the
TCRa gene segments. Recent studies further demonstrated that
a strong TCR signal is associated with activation of NKT lineage-
specific transcription factors such as PLZF (42). Mounting evi-
dence supports the idea that CD1d-mediated selection, together
with signaling events involving the SLAM receptors, drive iNKT
lineage differentiation (37). In light of these previous findings, our
observation of a biased Va14-Ja18 rearrangement in L-DKO mice
provides an alternative view to the existing models. We propose
that Va14-Ja18 rearrangement is not a random event and is
subject to repression by concerted activity of Id3 and Id2.
Multiple factors may contribute to the overall increase in

numbers of iNKT cells in L-DKO mice. The Ja repertoire analysis
of L-DKO DP cells clearly revealed a biased usage of Va14-Ja18
when Va14 is used in rearrangement. Because Ja18 usage was not
altered when Va8 was used in rearrangements, the biased Va14-
Ja18 rearrangement in D-LKO mice cannot be simply due to
targeted regulation at the Ja18 site. Given that each Va gene is
regulated by an independent promoter, we propose that Va14 may
be subject to targeted regulation in L-DKO mice. However, Va14
must be working in concert with Ja18 in L-DKO mice to promote
Va14-Ja18 usage. This biased Va14-Ja18 usage may only affect
a small fraction of DP cells because the pattern of Va8 rear-
rangements, a relatively common Va, seems unperturbed in L-
DKO mice. Therefore, altered Va14-Ja18 usage alone is not suf-
ficient to explain the overall increase in iNKT cell numbers. Our
study has further revealed that most iNKT cells detected in the
thymus of L-DKO mice are proliferating immature iNKT cells. The
expansion of immature iNKT cells after TCRa rearrangement could
be another reason for the increase of iNKT cells in L-DKO mice.
The expansion of iNKT cells in L-DKO mice could also be at-

tributed to other T lineage cells developing along with iNKT cells
that may inadvertently affect the development and expansion of
iNKT cells (43). These include the innate gd T cells that developed
in the neonatal stage and the small number of conventional CD4 SP
cells made through positive selection (22). Indeed, CD4 SP cells that
developed in Id3-deficient background have been shown to exhibit
various effector phenotypes (44), which could potentially influence
the development and expansion of iNKT cells. To resolve this issue,
we have tested our L-DKO mice on an MHC class II–deficient
background and observed a similar expansion of iNKT cells as in
L-DKO mice. The effect of innate gd T cell on the development of
iNKT cells in our L-DKO model could be further investigated in the
future by crossing the L-DKO mice to the TCRd-deficient back-
ground.
Under our experimental conditions, the innate gd lineage and

iNKT lineage are selectively expanded in response to increasing
levels of E proteins. The tight correlation between E protein
dosage and unique TCR types such as Vg1.1Vd6.3 of innate gd
T cells and Va14Ja18 of iNKT cells provides a genetic frame-T
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work for further understanding how TCR rearrangement, expres-
sion, and signaling are coupled with E protein–mediated lineage
differentiation programs.
Investigation of PLZF expression shed new light on the lineage

relationship between Vg1.1Vd6.3 gd T cells and iNKT cells (45,
46). Although these two innate lineages seem to be developed
independently during thymopoiesis, they clearly share a similar

developmental blueprint by employing PLZF-mediated transcrip-
tional regulation and possess similar innate-like features such as
restricted TCR usage, acquisition of effector memory like phe-
notypes upon maturation, and coexpression of IL-4 and IFN-g (35).
Furthermore, a recent RNA expression profiling analysis classified
iNKT cell as a lineage closely related to gd T cells (47). This
result supports the idea that NKT cells could be evolutionarily

FIGURE 6. Ja repertoire analysis of

DP cells. (A) Ja repertoire analysis of

Va8-Ca PCR products amplified from

a Cre2 control (top) and L-DKO (bot-

tom) CD692 DP cells. Bar graphs depict

relative percentages of each Ja gene

usage separated by productive and un-

productive rearrangements. Ja genes are

shown according to their relative posi-

tions in the TCRa locus starting with

the Va-proximal Ja61 gene. Analysis was

based on 24,124 and 17,482 sequence

reads for Cre2 control and L-DKO cells,

respectively. (B) Ja repertoire analysis of

Va14-Ca PCR products amplified from

a Cre2 control (top) and L-DKO (bottom)

CD692 DP cells. Each pie chart repre-

sents result of a single animal. The rela-

tive percentages of J gene usage were

depicted in shaded slices with Ja18 high-

lighted in yellow. Sequence reads were

37,811, 10,994, and 7,468 for wild-type

samples and 37,758, 46,141, and 7,960

for mutant samples.
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FIGURE 7. E protein dosages at the DN3 stage control lineage outcomes. (A) Effects of E protein dosage on T cell development revealed by analysis of

Cre2 control, L-DKO, and L-DKO50%E (Id2f/fId3f/fE2A+/fHEB+/fLck-Cre+) mice. Total thymocytes were analyzed with either CD4 and CD8 staining (far

left column), CD1dtet and TCRb staining (middle left column), or CD1dtet and TCRd staining (middle right column). TCRd+ cells were further analyzed for

Vd6.3 expression (far right column). (B) Cell counts of each T cell fractions as defined in (A). Three mice for each genotype group were included in the

analysis. (C) FACS analysis of L-QKO mice. Results of CD4 and CD8 analysis of total thymocytes (left column) are shown along with the CD1dtet and

TCRb analysis of gated DN fractions (right column). Results are representative of three pairs of animals. (D) Cell counts for total thymocytes (top) and gd

T cells (bottom) in the thymus of 20-d-old L-QKO mice. n = 3 pairs, p , 0.0005 for both plots.
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closer to innate gd T cells than the conventional T cells that
perform adaptive immune functions. Our study raised the possi-
bility that E protein–mediated regulation may function upstream
of PLZF and other innate lineage-relevant transcription factors.
The genetic models established in this study identified E proteins
as an important transcriptional switch controlling lineage choice
between iNKT and other alternative T cell lineages.
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